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,ABSTRACT 
This report describes the task, experiments, developments 
and studies relating to the optimization of fiber codeposition 
technology. Process scale-up studies were conducted in the 
0.757 m3 (200 gallon) capacity pilot cell, with the electroforming 
of a composite structural element, representative of solar array 
panel section, as an end goal. A laboratory investigation sought 
to establish codeposition techniques for incorporating high strength, 
high modulus fibers into an electroformed aluminum composite. 
Program objectives were met and all the contract required 
items were successfully electroformed in the pilot cell. The 
laboratory investigation concluded that the graphite fiber-aluminum 
system was the most promising of the various systems studied. These 
composites exhibited an ultimate tensile strength up to 224 MN/m2 vs. 
76MN/m2 (32,400 psi vs. 11,000 psi) for plain electroformed aluminum 
and a modulus of elasticity up to 91.1 GN/m2 vs. 55.2 GN/m2 (13.2~10~ psi 
vs. 8x10 psi) for plain electroformed aluminum. The laboratory pro- 
cess steps were successfully scaled-up in the pilot cell. A graphite 
fiber-aluminum composite structural element was electroformed in the 
pilot cell. 
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V. 
ELECTROFORMING OF ALUMINUM COMPOSITE STRUCTURES BY CODEPOSITION 
OF HIGH STRENGTH, HIGH MODULUS FIBERS OR WHISKERS 
By A.G. Buschow, C.H. E s o l a ,  I . J .  Hess, D.B. K r e i t z  and F . J .  Schmidt 
General E l e c t r i c  Company 
Re-Entry Systems 
SUMMARY 
Cont rac t  No. NAS 1-7913 h a s  no t  o n l y  m e t  a l l  immediate c o n t r a c t  
o b j e c t i v e s ,  bu t  has  s i g n i f i c a n t l y  advanced t h e  metal  composite t ech -  
nology by demonstrat ing t h e  p r a c t i c a l i t y  of a novel r e i n f o r c i n g  p r o c e s s  
wi th  wide i m p l i c a t i o n s .  
The t h r e e  broad a r e a s  of program a c t i v i t i e s  were a s  fo l lows:  (1) R e -  
furbishment  of t h e  NASA-Langley owned p i l o t  c e l l ;  ( 2 )  Development of s h o r t  
l e n g t h  f i b e r  codepos i t ion  d u r i n g  aluminum e l e c t r o f o r m i n g ,  t o  y i e l d  r e i n -  
forced  aluminum; and (3) P r e p a r a t i o n  i n  t h e  p i l o t  c e l l  of d e l i v e r a b l e  
samples and a fiber-aluminum s t r u c t u r a l  element.  The f i r s t  and t h e  l a s t  
a r e a s  involved more o r  less r o u t i n e  o p e r a t i o n .  The bulk of t h e  t i m e  and 
e f f o r t  went i n t o  codepos i t ion  s t u d i e s .  
The f i b e r  re inforcement  s tudy  inc luded  over  200 experimental  runs  i n  
t h e  l a b o r a t o r y  aluminum p l a t i n g  c e l l .  L i t t l e  headway was made d u r i n g  t h e  
f i r s t  f i v e  month per iod .  The Technical  Program s e c t i o n  of t h i s  r e p o r t  
d e s c r i b e s  t h e  many p o t e n t i a l  f i b e r  i n c o r p o r a t i n g  techniques  i n v e s t i g a t e d  
and eva lua ted  on t h e  b a s i s  of volume f r a c t i o n  a t t a i n a b l e ,  f i b e r  a l ignment  
and d e p o s i t  p r o p e r t i e s .  
F i n a l l y ,  a f t e r  much exper imenta t ion ,  a method was found t o  impar t  
s u f f i c i e n t  change t o  t h e  f i b e r s  t o  permit  e l e c t r o p h o r e s i s  t o  t a k e  p l a c e  
d u r i n g  e lec t roforming .  I t  was found t h a t  t h e  f i b e r s  a l i g n e d  dur ing  de-  
p o s i t i o n .  These breakthroughs occurred  l a t e  i n  t h e  c o n t r a c t  and t h e  f u l l  
p o t e n t i a l  a p p l i c a t i o n  t o  t h i s  p r o c e s s  was no t  achieved.  With t h i s  e l e c t r o -  
p h o r e t i c  codepos i t ion  technique ,  us ing  g r a p h i t e  f i b e r s ,  t h e  UTS of a l -  
uminum was i n c r e a s e d  from 76 t o  224 MN/m2 (11,000 up t o  32,400 p s i )  and 
t h e  e l a s t i c  modulus from 55.2 t o  91.1 G N / m 2  ( 8 ~ 1 0 ~  t o  1 3 . 2 ~ 1 0 ~  p s i ) ,  though 
t h e  r e p r o d u c i b l e  v a l u e s ,  a t  t h i s  t i m e ,  a r e  somewhat lower. The bond s t r e n g t h  
between t h e  aluminum m a t r i x  and g r a p h i t e  f i b e r s  was approximately 10.4 M N / m  
(1500 p s i ) ,  which i s  a h i g h e r  than  expected v a l u e ,  no doubt  due t o  t h e  ab-  
sence of any oxide  f i l m  a t  t h e  fiber-aluminum i n t e r f a c e .  The volume f r a c t i o n  
achieved a t  t h i s  t i m e  i s  s t i l l  very  low, less than  1%. However, t h e  load-  
i n g  was r a p i d l y  i n c r e a s e d  d u r i n g  t h e  b r i e f  per iod  a v a i l a b l e  f o r  t h e  volume 
f r a c t i o n  i n v e s t i g a t i o n .  Addi t iona l  e f for t s  would i n c r e a s e  t h i s  f i g u r e  
cons iderably .  
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Among t h e  many f i b e r s  considered i n  t h e  f i b e r  s e l e c t i o n  s tudy ,  
g r a p h i t e  was chosen, p a r t l y  on t h e  b a s i s  of  i t s  p r o p e r t i e s  and low p r i c e  
and p a r t l y  on t h e  b a s i s  of  c r i t e r i a  developed dur ing  t h e  program, such a s  
low d e n s i t y ,  small  d iameter ,  c o n d u c t i v i t y  and c h a r g e a b i l i t y ,  which were 
necessary  f o r  e l e c t r o p h o r e t i c  d e p o s i t i o n .  
.INTRODUCTION 
Aluminum a l l o y s  a r e  used e x t e n s i v e l y  i n  s t r u c t u r e s  today because 
of  a combination of d e s i r a b l e  p r o p e r t i e s  such a s :  h igh  s t r e n g t h - t o -  
weight r a t i o ,  f a b r i c a b i l i t y ,  a v a i l a b i l i t y  and low c o s t .  However, t h e  
r e l a t i v e l y  low e l a s t i c  moduli, 55.2-69.0 GN/m2 (about  8 - 1 0 ~ 1 0 ~  p s i ) ,  
have made them less compe t i t i ve  i n  some s t r u c t u r a l  a p p l i c a t i o n s  where 
t h e  s t i f f n e s s - t o - w e i g h t  r a t i o  i.s a prime requirement.  T h i s  and o t h e r  
l i m i t a t i o n s  can be reduced by r e i n f o r c i n g  aluminum o r  i t s  a l l o y s  wi th  
t h e  new h igh  s t r e n g t h ,  h igh  modulus, low d e n s i t y  f i b e r s  now a v a i l a b l e .  
The c h i e f  advantages  of f i b e r - r e i n f o r c e d  aluminum over  h igh  s t r e n g t h  
aluminum a l l o y s  inc lude :  1) h i g h e r  e l a s t i c  moduli, 2)  improved f a t i g u e  
l i f e  and toughness ,  3 )  improved h igh  tempera ture  p r o p e r t i e s  and 4) i m -  
proved stress r u p t u r e  l i f e  and c reep  r e s i s t a n c e .  By c o n t r o l l i n g  t h e  f i b e r  
o r i e n t a t i o n  and f i b e r  c o n c e n t r a t i o n ,  a n i s o t r o p i c  p r o p e r t i e s  can be impart-  
ed t o  t h e  composite m a t e r i a l ,  which makes i t  ve ry  d e s i r a b l e  f o r  s t r u c t u r a l  
e lements .  Th i s  a l s o  i n c r e a s e s  t h e  s t r u c t u r a l  e f f i c i e n c y  of t h e  r e i n f o r c e d  
aluminum, because t h e  f i b e r s  can be p laced  so a s  t o  provide  maximum resis- 
t ance  t o  m u l t i - a x i a l  stresses w i t h i n  t h e  s t r u c t u r e .  
The key t o  t h e  u t i l i z a t i o n  of f i b e r - r e i n f o r c e d  aluminum i n  space 
a p p l i c a t i o n s  depends on t h e  s u c c e s s f u l  development of s u i t a b l e  f a b r i -  
c a t i o n  t echn iques  t h a t  produce composite m a t e r i a l s  and s t r u c t u r a l  shapes,  
which u t i l i z e  t h e  p r o p e r t i e s  of t h e  r e i n f o r c i n g  f i b e r s .  A major problem 
i n  aluminum meta l lu rgy  r e s u l t s  from i t s  eve r -p resen t  ox ide  l a y e r ,  which 
g r e a t l y  i n t e r f e r e s  wi th  t h e  j o i n i n g  and bonding of t h e  aluminum t o  t h e  
f i b e r s  and, t h e r e f o r e ,  makes composite f a b r i c a t i o n  d i f f i c u l t .  Three 
methods have been used t o  f a b r i c a t e  aluminum-fiber composites. F i r s t  i s  
t h e  powder m e t a l l u r g i c a l  p rocess  which c o n s i s t s  e s s e n t i a l l y  of h o t  p r e s s -  
i n g  aluminum powders mixed wi th  a l i g n e d  f i b e r s .  However, t h e  r e s u l t i n g  
specimens have g e n e r a l l y  been weak, because of damage t o  t h e  f i b e r s .  
Second i s  t h e  plasma sp ray ing  technique  which invo lves  t h e  sp ray ing  of 
molten aluminum d r o p l e t s  upon f i b e r s  t h a t  a r e  being wound on a moving 
mandrel. The tempera ture  of t h e  molten aluminum i s  r e l a t i v e l y  low by t h e  
t i m e  i t  s t r i k e s  the f i b e r s ,  so t h a t  degrading  chemical i n t e r a c t i o n s  a r e  
prevented .  The p l a t e s ,  t h u s  f a b r i c a t e d ,  r e q u i r e  an a d d i t i o n a l  h o t  p r e s s -  
i n g  o p e r a t i o n  t o  ach ieve  complete d e n s i f i c a t i o n  of t h e  mat r ix .  These com- 
p o s i t e s  have e x h i b i t e d  h igh  s t r e n g t h s  a long  t h e  d i r e c t i o n  of t h e  f i b e r s ,  
a l t hough  they  a r e  r e l a t i v e l y  weak i n  t h e  t r a n s v e r s e  d i r e c t i o n .  The t h i r d  
p rocess  i s  d i f f u s i o n  bonding, c o n s i s t i n g  of p r e s s i n g  a l t e r n a t e  l a y e r s  of 
aluminum s h e e t s  and a l i g n e d  f i b e r s  i n t o  dense s h e e t s  o r  p l a c e  composites.  
High s t r e n g t h s  were o b t a i n e d ,  a l though  composite shape and f i b e r  conf igu r -  
a t i o n  a t t a i n a b l e  i s  h i g h l y  l i m i t e d .  
I n  p rev ious  work performed on Con t rac t  Numbers NAS 1 - 3319 and 
NAS 1 - 5743, f o r  t h e  Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion ,  
Langley Research Cen te r ,  t h e  aluminum e l e c t r o d e p o s i t i o n  technology was 
cons ide rab ly  advanced. Aluminum e lec t ro fo rming  was sca led-up  t o  commercial- 
l y  s i g n i f i c a n t  p r o p o r t i o n s  and a number of 0.76m (30- inch)  d iameter  para-  
b o l o i d a l  aluminum e l e c t r o f o r m s  were f a b r i c a t e d .  On Con t rac t  NAS 1-5743, 
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t h e  f e a s i b i l i t y  of c o d e p o s i t i n g  s h o r t  l e n g t h s  of s i l v e r e d  g l a s s  f i b e r s  and 
aluminum was demonstrated.  T h i s  room temperature  p r o c e s s  i s  n o t  shape 
l i m i t e d .  P r e s e n t  s tudy  sought t o  extend t h i s  technology t o  h i g h  s t r e n g t h ,  
h igh  modulus f i b e r s .  
The o b j e c t i v e s  of t h e  program, sponsored by t h e  Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion ,  Langley Research Center ,  under Cont rac t  Number 
NAS 1 - 7913, were t o  improve t h e  q u a l i t y ,  s t r e n g t h  and modulus of e l e c t r o -  
d e p o s i t e d  composites by u s i n g  h i g h  s t r e n g t h ,  h igh  modulus f i b e r s  and t o  
demonstrate  t h e  a p p l i c a t i o n  of the p r o c e s s  t o  unusual s t r u c t u r a l  shapes 
a p p l i c a b l e  t o  l a r g e  s o l a r  c e l l  a r r a y s .  To m e e t  t h e s e  o b j e c t i v e s ,  t h e  con- 
t r a c t  set f o r t h  s p e c i f i c  t a s k s  d i s c u s s e d  below. 
TECHNICAL PROGRAM 
The experimental  program, d e s c r i b e d  below, c o n s i s t e d  of n i n e  s p e c i f i c  
t a s k s  d i r e c t e d  toward f u l f i l l i n g  t h e  b a s i c  c o n t r a c t  o b j e c t i v e s .  
P i l o t  C e l l  Refurbishment 
Immediate c o r r e c t i v e  a c t i o n  was requi red  a t  t h e  s t a r t  of t h e  program 
t o  make t h e  p i l o t  c e l l  s u i t a b l e  f o r  cont inued e l e c t r o f o r m i n g  i n v e s t i g a t i o n .  
A t  t h e  conclus ion  of  t h e  prev ious  c o n t r a c t ,  i t  was noted t h a t  t h e  p l a t i n g  
tank  l i n i n g  was s e v e r e l y  degraded. The prime reason f o r  t h e  d e t e r i o r a t i o n  
( b l i s t e r i n g  and F e e l i n g )  of  t h e  tank  l i n e r  was t h e  insurance  company's 
requirement t o  ground t h e  tank  f o r  improved s a f e t y .  Because of  t h e  h igh  
ohmic r e s i s t a n c e  of t h e  e t h e r e a l  s o l u t i o n  and t h e  proximi ty  of bo th  
e l e c t r o d e s  t o  t h e  t a n k  w a l l ,  t h e  tank  i t s e l f  became a d i p o l a r  e l e c t r o d e ,  
evolv ing  gas  which t r i e d  t o  push o f f  t h e  l i n i n g .  
The worn l i n i n g  was removed and a new f l u o r i n a t e d  e t h y l e n e  propylene 
p l a t i n g  tank  l i n i n g  was a p p l i e d .  To prevent  recur rence  of  t h e  a f o r e -  
mentioned problem, t h e  tank  and t h e  cathode were grounded and t h e  w a l l  
behind t h e  anode was h e a v i l y  i n s u l a t e d .  S ince  t h e  tank  and t h e  cathode 
a r e  now e l e c t r i c a l l y  connected,  bo th  can be maintained a t  o t h e r  than  
ground p o t e n t i a l  and a d j u s t e d  a s  r e q u i r e d .  
I n  a d d i t i o n  t o  r e p l a c i n g  t h e  d e f e c t i v e  l i n i n g ,  a s p e c i a l l y  modi- 
f i e d  c a r t r i d g e  f i l t e r  system was i n s t a l l e d  and s e v e r a l  minor des ign  
m o d i f i c a t i o n s  were added, a n t i c i p a t i n g  changing process  requirements .  
The e n t i r e  system was thoroughly overhauled.  
Laboratory Support  To P i l o t  C e l l  Modi f ica t ion  
Laboratory checkout and ad jus tments  of t h e  aluminum p l a t i n g  
s o l u t i o n  and m a t e r i a l s  c o m p a t a b i l i t y  rechecks were performed p e r i o d i c -  
a l l y  d u r i n g  t h e  program t o  i n s u r e  a g a i n s t  any unforeseen problems. 
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Elec t roform F l a t  Pure  Aluminum Samples i n  t h e  P i l o t  C e l l  
The r e f u r b i s h e d  p i l o t  ce l l  was checked o u t  by an  i n i t i a l  shake-down 
run. Subsequently,  f l a t  pure  e lec t roformed aluminum samples were r o u t i n e -  
l y  prepared  t o  f u l f i l l  two c o n t r a c t u a l  requi rements :  - t o  provide  test  
specimens, f o r  which d a t a  a r e  r e p o r t e d  i n  a fo l lowing  s e c t i o n ,  and t o  
d e l i v e r  a one squa re  f o o t  e lec t roformed aluminum shee t .  T h i s  concluded 
t h e  above t a s k  requi rements .  
Volume F r a c t i o n  C a p a b i l i t i e s  i n  t h e  P i l o t  C e l l  
A s i g n i f i c a n t  i n c r e a s e  i n  t h e  s t r e n g t h  of aluminum d e p o s i t s  w i th  
t h e  codepos i t i on  of s i l v e r e d  g l a s s  f i b e r s  was achieved  on t h e  p rev ious  
c o n t r a c t ,  NAS 1 - 5743, a s  shown i n  Table  1. The codepos i t i on  mechanism 
was l a r g e l y  random entrapment of occas iona l  f i b e r s  impinging on t h e  s u r -  
f a c e ,  due t o  a temporary a r r e s t  on microscopic rough s p o t s .  Although f i b e r  
volume f r a c t i o n  was n o t  measured under t h a t  c o n t r a c t ,  i t  i s  now known t h a t  
even t h e  "heav ie r  loading" by t h i s  method was w e l l  below one pe rcen t .  
The p r e s e n t  c o n t r a c t  was aimed a t  improving t h e  q u a l i t y ,  s t r e n g t h ,  
and modulus of such composite s t r u c t u r e s .  The c o n t r a c t  tasks recognized 
t h a t  improvement of t h e s e  p r o p e r t i e s  r equ i r ed  b e t t e r  c o n t r o l  of t h e  depos i -  
t i o n  mechanism. I n c r e a s i n g  t h e  volume f r a c t i o n  of t h e  f i b e r s ,  t h e i r  a l i g n -  
ment, good bond s t r e n g t h  between t h e  f i b e r s  and t h e  aluminum m a t r i x ,  and 
sound m a t r i x  p r o p e r t i e s  a r e  p r e r e q u i s i t e s  t o  t h e  s u c c e s s ,  and wi thout  t h e s e ,  
t h e  s u b s t i t u t i o n  of h igh  s t r e n g t h ,  h igh  modulus f i b e r s  f o r  t h e  g l a s s  f i b e r s  
would be meaningless.  
With t h e s e  c o n s i d e r a t i o n s  i n  mind, a l a b o r a t o r y  program was formu- 
l a t e d  and ove r  200 l a b o r a t o r y  r u n s ,  i n v e s t i g a t i n g  groupings of parameters 
c o n c u r r e n t l y ,  were performed. The development of an  improved codepos i t i on  
technique  was t h e  f i r s t  requirement be fo re  p i l o t  c e l l  volume f r a c t i o n  runs 
could even be cons idered .  A s p e c i f i c  h igh  s t r e n g t h  f i b e r  f o r  p i l o t  c e l l  
s tudy  could n o t  be s e l e c t e d  a t  t h i s  s t a g e  and, p r i m a r i l y  because of c o s t  
c o n s i d e r a t i o n s ,  inexpens ive  g l a s s  f i b e r s  were used i n  t h e  e a r l y  p i l o t  ce l l  
runs.  
It was p o s s i b l e  t o  ach ieve  a h igh  ( s e v e r a l  p e r c e n t )  g l a s s  f i b e r  
volume f r a c t i o n  by g r a v i t y  s e t t l i n g ,  b u t  t h e s e  composites were porous ,  
b a s i c a l l y  unsound and l i m i t e d  t o  f l a t  p l a t e s .  The use  of and 
o t h e r  a d d i t i v e s  were examined b r i e f l y ,  a l though  t h e  i n v e s t i g a t i o n  was 
d i r e c t e d  toward a t r u l y  c o n t r o l l a b l e  technique  of f i b e r  a d d i t i o n  t o  a t -  
t a i n  t h e  h i g h e s t  f i b e r  volume f r a c t i o n  i n  a sound composite of complex 
conf igu ra t ion .  U l t ima te ly ,  t h e  method, found t o  be t h e  b e s t ,  was t h e  
e l e c t r o p h o r e t i c  mig ra t ion  of d i s p e r s e d  f i b e r s  t o  the ca thode  t o  enab le  
cont inuous  codepos i t i on  wi th  e lec t roformed aluminum. D e t a i l s  a r e  p r e s a n t -  
ed i n  t h e  fo l lowing  s e c t i o n .  Th i s  method was developed i n i t i a l l y  wi th  
g r a p h i t e  f i b e r s  and ,  w i t h  some mod i f i ca t ion  i n  t h e  p re t r ea tmen t  procedure ,  
i t  was made a p p l i c a b l e  t o  s i l v e r e d  g l a s s  f i b e r s .  It  should be noted ,  how- 
e v e r ,  t h a t  long ,  6.35 mm ( 1 / 4 - i n c h ) ,  l eng th  f i b e r s ,  such a s  were on ly  a v a i l -  
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a b l e  f o r  g l a s s ,  a r e  n o t  w e l l  s u i t e d  f o r  e l e c t r o p h o r e t i c  codepos i t ion .  
T h i s  i s  because of  a tendency toward i n c r e a s i n g  f i b e r  I1pile-up1l wi th  i n -  
c r e a s i n g  f i b e r  l e n g t h ,  and t h e  l i m i t e d  e f f e c t  of t h e  e l e c t r o p h o r e t i c  
f i e l d  on t h e  more massive g l a s s  f i b e r s .  The upper l i m i t  f o r  g l a s s  f i b e r  
volume loading  i n  a sound composite,  a t t a i n a b l e  i n  t h e  l a b o r a t o r y ,  was 
approximately 1/2%. 
The scheduled p i l o t  c e l l  runs  w i t h  g l a s s  f i b e r s  o f f e r e d  a n  e x c e l l e n t  
o p p o r t u n i t y  t o  e v a l u a t e  sca le -up  parameters.  A g l a s s  f i b e r  loading  of  
0.18% i n  t h e  l a b o r a t o r y  was d u p l i c a t e d  (0.20%) i n  t h e  f i r s t  p i l o t  c e l l  
run ,  which used t h e  same run parameters  ( c u r r e n t ,  f requency of  a d d i t i o n ,  
amount of added f i b e r s  p e r  amp. h r .  of  d e p o s i t i o n ,  e t c . )  a s  i n  t h e . l a b o r -  
a t o r y  c e l l .  A t o t a l  loading  of 0.30% was a t t a i n e d  i n  t h e  second p i l o t  
c e l l  run. Volume p e r  c e n t  was determined by a f i b e r  count f o r  a number 
of measured c r o s s - s e c t i o n s .  Data from t h e s e  two p i l o t  c e l l  volume f r a c t i o n  
runs  appear  i n  F i g u r e  1. 
A composite specimen from t h e  second p i l o t  c e l l  run was x-rayed 
t o  determine t h e  g l a s s  f i b e r  d i s t r i b u t i o n  throughout t h e  mat r ix .  The 
photograph, presented  i n  F i g u r e  2 ,  i n d i c a t e d  t h e  loading  and u n i f o r m i t y  
of t h e  g l a s s  f i b e r s  i n  t h e  aluminum d e p o s i t .  
F ive  g r a p h i t e  f i b e r  volume f r a c t i o n  runs were performed t o  e v a l u a t e  
v a r i o u s  codepos i t ion  parameters  i n  t h e  p i l o t  c e l l  a s  a p p l i c a b l e  t o  graph- 
i t e  f i b e r s .  Inc luded  were frequency and q u a n t i t y  of g r a p h i t e  f i b e r  
a d d i t i o n s  t o  t h e  p l a t i n g  s o l u t i o n ,  s h i e l d i n g  e f f e c t s ,  comparison of 
I1s t r a igh t l t  p l a t i n g  vs .  p l a t i n g  w i t h  a p e r i o d i c  r e v e r s e  cycle .  
The f o u r t h  run was te rmina ted  prematurely ( a f t e r  7 hours  d e p o s i t i o n  
t i m e )  when i t  was noted t h a t  t h e  cathode was drawing e x c e s s i v e  c u r r e n t .  
This  was subsequent ly  t r a c e d  t o  a n  i n s u l a t o r  breakdown i n  t h e  e l e c t r i c a l  
"feed-through" on t h e  t a n k ,  which permi t ted  c u r r e n t  leakage t o  t h e  p l a t -  
i ng 
run 
a re 
and 
tank.  The f i f t h  run d u p l i c a t e d  intended c o n d i t i o n s  of t h e  prev ious  
t o  e v a l u a t e  t h e  o r i g i n a l  parameter  o b j e c t i v e s .  Data from t h e s e  runs  
l i s t e d  i n  Table  2. 
The i n c r e a s e  i n  s i z e ,  change i n  ce l l  geometry,  t y p e  of  a g i t a t i o n  
c i r c u l a t i o n ,  e tc . ,  i n  t h e  p i l o t  c e l l ,  a s  compared w i t h  t h e  l a b o r -  
a t o r y  ce l l  i n  which a l l  t h e  p r i o r  work wi th  g r a p h i t e  f i b e r s  was performed, 
c r e a t e d  problems which could n o t  be a n t i c i p a t e d  o r  so lved ,  except  by a c t u -  
a l  p i l o t  c e l l  o p e r a t i o n  and subsequent m o d i f i c a t i o n  of  p e r t i n e n t  o p e r a t i n g  
c o n d i t i o n s .  I t  was noted t h a t  p a r t  of t h e  d i s p e r s e d  f i b e r s  a r e  t ' l o s t t l  i n  
t h e  l a r g e  volume, 0.757 m 3  (200 g a l l o n s ) ,  of  p l a t i n g  s o l u t i o n  i n  t h e  p i l o t  
c e l l .  Accordingly,  the q u a n t i t y  and frequency of  f i b e r  a d d i t i o n s  were i n -  
c reased  i n  t h e  second and t h i r d  runs.  An increased  g r a p h i t e  f i b e r  c o n t e n t  
i n  t h e  r e s p e c t i v e  composites was noted. However, t h e  low f i b e r  c o n t e n t ,  
even a f t e r  a t e n  t i m e s  Itnormal1l f i b e r  loading ,  i n d i c a t e d  o t h e r  process  modi- 
f i c a t i o n s  were requi red .  It was observed i n  t h e  l a b o r a t o r y  and p i l o t  cell 
t h a t  t h e  lower d e n s i t y  ( t h a n  g l a s s  f i b e r s )  g r a p h i t e  f i b e r s  a r e  q u i t e  buoyant,  
migra te  randomly w i t h  s o l u t i o n  a g i t a t i o n ,  such t h a t  i n  t h e  l a r g e  p i l o t  c e l l  
t h e  weak e l e c t r o p h o r e t i c  f i e l d  does n o t  provide  t h e  predominant moving f o r c e .  
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.Therefore ,  s h i e l d i n g  was p laced  around t h e  ca thode  t o  reduce t h e  e f f e c t  o f  
s o l u t i o n  movement, t o  make t h e  c u r r e n t  d e n s i t y  more uniform a c r o s s  t h e  
ca thode  and t o  " t rap"  f i b e r s  i n  t h e  v i c i n i t y  of  t h e  cathode. The des ign  
was a t r a d e - o f f ,  s i n c e  t h e  I1ideall4 s h i e l d  would res t r ic t  aluminum d e p o s i t i o n  
and v i r t u a l l y  e l i m i n a t e  any e l e c t r o p h o r e t i c  f i e l d  a c t i n g  upon t h e  charged 
f i b e r s .  For comparable g r a p h i t e  f i b e r  a d d i t i o n s ,  t h e  f i b e r  con ten t  of s h i e l d -  
ed composite p a n e l s  was g r e a t e r  than  f o r  an unshie lded  composite. G r e a t e r  
e f f e c t i v e  q u a n t i t i e s  of f i b e r s  t o  t h e  ca thode  a r e a  a r e  r equ i r ed  and can be 
r e a l i z e d  by mod i f i ca t ion  of t h e  f e e d  system. Excessive amount of f i b e r s  p e r  
a d d i t i o n  caused f i b e r  p i l e - u p ,  r e s u l t i n g  i n  cons ide rab le  "trees" on the de-  
p o s i t  su r f ace .  The h i g h  c u r r e n t  d e n s i t y  of t h e  "trees" a t t r a c t e d  subsequent 
f i b e r  a d d i t i o n s  e l e c t r o p h o r e t i c a l l y ,  a s  w e l l  a s  t r a p p i n g  them p h y s i c a l l y  
and ,  hence,  h e a v i e r  f i b e r  l oad ings ,  improperly employed, can be  s e l f  d e f e a t -  
i ng .  The re fo re ,  i t  i s  d e s i r a b l e  t o  remove any loose  agglomeration of f i b e r s  
p e r i o d i c a l l y .  The ca thode  s h i e l d i n g  used i n  t h e  p i l o t  c e l l  l i m i t e d  t h e  e f -  
f e c t i v e n e s s  of t h i s  removal. 
On t h e  b a s i s  of t h e s e  r u n s ,  f i x t u r e  hardware was redesigned s e v e r a l  
times u n t i l  i n  t h e  l a s t  run  t h e  s u c t i o n  s i d e  of t h e  f i l t e r  pump was modi- 
f i e d  t o  a c t  a s  a "vacuum c leane r"  t o  remove excess ,  non-adhering g r a p h i t e  
f i b e r s  from t h e  d e p o s i t  s u r f a c e ,  so  t h a t  f r e q u e n t  heavy f i b e r  a d d i t i o n s  
could be made wi thout  d e l e t e r i o u s  e f f e c t s .  T h i s  d e v i c e ,  and o t h e r  p rocess -  
i n g  improvements, were used i n  e l ec t ro fo rming  t h e  1 sq.  f t .  g r a p h i t e  f i b e r -  
aluminum f l a t  p l a t e  ( c o n t r a c t  d e l i v e r a b l e  i t e m )  desc r ibed  i n  a la ter  s e c t i o n .  
P e r t i n e n t  da t a  developed du r ing  t h i s  i n v e s t i g a t i o n  were (1) t h a t  t h e  
e l e c t r o p h o r e t i c  codepos i t i on  p rocess  developed i n  t h e  l a b o r a t o r y  was f u l l y  
a p p l i c a b l e  t o  t h e  p i l o t  c e l l ;  ( 2 )  t h a t  t h e  f i b e r  volume f r a c t i o n  a t t a i n a b l e  
i n  t h e  l a b o r a t o r y  was r ep roduc ib le  i n  t h e  p i l o t  c e l l ;  ( 3 )  t h a t  s i g n i f i c a n t  
i n c r e a s e s  i n  UTS and e l a s t i c  modulus were achieved wi th  g r a p h i t e  fiber-aluminum 
codepos i t s ;  ( 4 )  t h a t  some alignment of f i b e r s  was achieved  (desc r ibed  i n  de-  
t a i l  i n  t h e  fo l lowing  s e c t i o n ) ;  and ( 5 )  t h a t  t h e  f i l t r a t i o n ,  c i r c u l a t i o n  and 
coo l ing  systems of t h e  p i l o t  c e l l  make i t  b e t t e r  s u i t e d  f o r  a t t a i n i n g  sound 
composites w i t h  h i g h e r  f i b e r  volume f r a c t i o n s  than i n  t h e  l a b o r a t o r y  c e l l .  
The amount of f i b e r s  added t o  t h e  0.757 m3 (200 g a l l o n )  p i l o t  c e l l  
s o l u t i o n  i n  each of t h e  f i v e  runs  amounted on ly  t o  approximate ly  2 weight 
p e r  c e n t  of t h e  aluminum p l a t e s  which were e lec t roformed.  Therefore ,  even 
under i d e a l  c o n d i t i o n s ,  t h e  f i b e r  loading  had t o  remain numer ica l ly  ve ry  
s m a l l ,  cons ide r ing  t h a t  p r e s e n t l y  undefined p o r t i o n s  of t h e  f i b e r  a d d i t i o n s  
were removed by t h e  f i l t e r ,  o r  were caught on nodules  and tree growths,  a n d / o r  
tank  w a l l s ,  o r  simply remained d i s p e r s e d  i n  t h e  s o l u t i o n  du r ing  t h e  20 hour 
runs .  The re fo re ,  t h e  approximate ly  10% e f f i c i e n c y  of f i b e r  i n c o r p o r a t i o n  
achieved  by t h e  p rocess  ( i . e . ,  t o t a l  amount of f i b e r s  i n  t h e  d e p o s i t  d iv ided  
by t h e  t o t a l  f i b e r  a d d i t i o n  t o  t h e  p l a t i n g  c e l l )  i s  ve ry  encouraging. These 
a r e  rough, ave rage  f i g u r e s  and t h e  two s i g n i f i c a n t  f a c t s  a r e  t h a t  (1) t h e  
f i b e r  c o n t e n t  does  i n c r e a s e  wi th  t h e  f i b e r  a d d i t i o n s ,  and a l s o  t h a t  (2 )  t h e  
e f f i c i e n c y  f i g u r e  does i n c r e a s e  w i t h  b e t t e r  s h i e l d i n g .  Both f a c t s  p o i n t  
toward f r u i t f u l  a r e a s  f o r  f u r t h e r  development. 
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High S t r e n g t h ,  High Modulus Fiber-Aluminum Composites 
The f e a s i b i l i t y  of i n c o r p o r a t i n g  f i b e r s  i n t o  e lec t roformed aluminum 
d e p o s i t s  had p r e v i o u s l y  been e s t a b l i s h e d  du r ing  a n  in-house  program. 
technique  u t i l i z e d  s h o r t  l e n g t h  f i b e r s  d i s p e r s e d  i n  t h e  e t h e r - s o l v e n t  
aluminum p l a t i n g  s o l u t i o n  and y i e l d e d ,  by codepos i t i on ,  a n  inc reased  
s t r e n g t h  e l e c t r o d e p o s i t .  Work on Con t rac t  NAS 1 - 5743 improved t h e  
mechanical p r o p e r t i e s  of e l ec t ro fo rmed  aluminum and extended t h e  e l e c t r o -  
forming p rocess  technology. Shor t  l eng th  g l a s s  f i b e r s  were employed f o r  
t h a t  development s t u d y ,  s i n c e  i t  was r e a d i l y  a v a i l a b l e ,  inexpens ive  and 
w e l l  s u i t e d  f o r  exper imenta t ion .  However, i t  was r e a l i z e d  t h a t  g l a s s  
f i b e r s  i n  a composite would no t  y i e l d  h igh  a b s o l u t e  v a l u e s  of s t r e n g t h  
and would no t  i n c r e a s e  t h e  e l a s t i c  modulus, bu t  t h i s  s e l e c t i o n  was j u s t i -  
f i e d ,  s i n c e  the p rocess  developed f o r  t h e  i n c o r p o r a t i o n  of g l a s s  f i b e r s  
could be modified l a t e r  f o r  o t h e r  r e i n f o r c i n g  m a t e r i a l s .  Con t rac t  NAS 1-7913 
sought t o  advance t h i s  novel codepos i t i on  technology and was d i r e c t e d  p r i m a r i l y  
t o  t h e  h igh  s t r e n g t h ,  h i g h  modulus f i b e r s .  
This 
For c l a r i t y  of p r e s e n t a t i o n ,  t h e  fo l lowing  s e c t i o n s  a r e  r epor t ed  s e q u e n t i a l -  
l y  and i n d i v i d u a l l y ,  a l though  t h e  a c t u a l  parameters  were s t u d i e d  c o n c u r r e n t l y ,  
s i n c e  t h e r e  was cons ide rab le  i n t e r a c t i o n  between them. 
- S e l e c t i o n  of F i b e r s :  The s e l e c t i o n  of s h o r t  f i b e r s  t o  be used a s  r e i n f o r -  
c i n g  a g e n t s  f o r  t h i s  program was based on s e v e r a l  c o n s i d e r a t i o n s ,  which a r e  
summarized i n  Table 3: 
development e f f o r t  on t h r e e  f i b e r  types :  
whiskers and ( 3 )  S i c  whiskers .  However, t h e  major e f f o r t  h a s  been with t h e  
g r a p h i t e  f i b e r s .  The r easons  f o r  t h e  use  of and emphasis on t h e s e  f i b e r s  
a r e  d i scussed  below. 
On t h e s e  b a s e s ,  i t  was dec ided  t o  c o n c e n t r a t e  t h i s  
(1) g r a p h i t e  f i b e r s ,  (2 )  A1203 
Since  1959, a v a r i e t y  of new r e i n f o r c i n g  f i b e r s  have become a v a i l a b l e .  
The h i g h e r  e l a s t i c  moduli of new f i b e r s ,  compared t o  t h a t  f o r  g l a s s  f i b e r s ,  
has  evoked cons ide rab le  i n t e r e s t  i n  t h e i r  u t i l i z a t i o n .  S t r u c t u r a l  e lements ,  
r e i n f o r c e d  w i t h  t h e s e  new f i b e r s ,  should e x h i b i t  5 t o  10 times g r e a t e r  s t i f f -  
nes s  than  comparable g l a s s  f i l a m e n t  r e i n f o r c e d  s t r u c t u r e s .  Furthermore,  t h e  
new f i b e r s  have many o t h e r  d e s i r a b l e  f e a t u r e s :  lower s e n s i t i v i t y  t o  mechani- 
c a l  damage, g r e a t e r  c o r r o s i o n  r e s i s t a n c e ,  h ighe r  s t r e n g t h  r e t e n t i o n  a t  e l e v a t e d  
tempera tures  and, f o r  some, lower d e n s i t y  than  g l a s s  ( i . e . ,  1661 Kg/m3 o r  
0.06 l b / i n . 3  vs .  2491 Kg/m3 o r  0.09 l b / i n . 3  f o r  g r a p h i t e  and g l a s s  f i b e r s ,  
r e s p e c t i v e l y ) .  The p r o p e r t i e s  and p o t e n t i a l  of t h e s e  f i b e r s  have been r e p o r t -  
ed i n  d e t a i l  (Ref. 1, 2 ,  3 and 4) .  Some of t h e  mechanical p r o p e r t i e s  of  t h e  
f i b e r s  of i n t e r e s t  a r e  compared i n  Table 4. These i n c l u d e  t h e  f i b e r s  formed 
by chemical vapor d e p o s i t i o n  on h o t  f i l a m e n t a r y  s u b s t r a t e s ,  such a s  boron 
depos i t ed  on f i n e  tungs t en  wires (B/W), boron depos i t ed  on fused  s i l i c a  
(B/Si02) e t c . ,  t h e  g l a s s  f i b e r s ,  t h e  g r a p h i t e  f i b e r s ,  which have about  t h e  
same d iameter  a s  t h e  g l a s s  f i b e r s ,  and t h e  s i n g l e  c r y s t a l  f i b e r s ,  o r  whiskers.  
F igu re  3A compares t h e  s t r e n g t h  and s t r e n g t h - t o - w e i g h t - r a t i o s  ( s p e c i f i c  
s t r e n g t h s )  of s e v e r a l  f i b e r s .  Only t h e  t e n s i l e  s t r e n g t h  f o r  t h e  whiskers  
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exceeds t h a t  f o r  t h e  g l a s s  f i l a m e n t s .  On a s t r eng th - to -we igh t  b a s i s ,  t h e  
v a l u e s  f o r  t h e  o t h e r  f i b e r s  a r e  n e a r l y  equa l  t o  t h a t  f o r  g l a s s .  However, 
on t h e  b a s i s  of  e l a s t i c  modulus, o r  s p e c i f i c  modulus, F igu re  3B shows 
t h a t  a l l  of t h e  newer f i b e r s  a r e  f a r  s u p e r i o r  t o  t h e  g l a s s  f i b e r s .  I n  
terms of s p e c i f i c  modulus, one of t h e  g r a p h i t e  f i b e r s  (RAE-60) exceeds 
t h a t  f o r  a l l  t h e  o t h e r  f i b e r s ,  
The g r a p h i t e  f i b e r s  a r e  smal l  i n  d iameter  (about  0.3 m i l s ) .  Th i s  
i s  d e s i r a b l e ,  s i n c e  even i n  a random f a s h i o n ,  t hey  can be packed more 
c l o s e l y  t o g e t h e r  than  t h e  l a r g e r ,  vapor depos i t ed  f i b e r s ,  which a r e  4 m i l s  
i n  d iameter .  Thus, t h e  i n t e r - f i b e r  spac ing  of t h e  B/W t ype  f i b e r s  would 
be much g r e a t e r ,  and would p r e s e n t  some problems i n  f i l l i n g  t h e s e  v o i d s  
completely w i t h  aluminum, a s  i l l u s t r a t e d  i n  F igu re  4.  The l a r g e r  f i b e r s  
would tend  t o  be coa ted  i n d i v i d u a l l y  f i r s t  be fo re  t h e  aluminum would p l a t e  
t h e  i n t e r s t i c e s .  The f i n e r  f i b e r s  (0.3 m i l  d i ame te r )  could be codepos i ted  
and inco rpora t ed  more r e a d i l y  a s  t h e  aluminum l a y e r s  a r e  b u i l t - u p  from t h e  
s u b s t r a t e  o r  mandrel. 
The g r a p h i t e  f i b e r s  a r e  e l e c t r i c a l l y  conducting and, t h e r e f o r e ,  
do n o t  r e q u i r e  a p r i o r  a p p l i c a t i o n  of conduct ive  coa t ings .  However, some 
types  of g r a p h i t e  f i b e r s  have a s u r f a c e  c o a t i n g  of a PVA s i z i n g ,  which must 
be removed p r i o r  t o  e l e c t r o p l a t i n g .  I n  terms of c o s t ,  most g r a p h i t e  f i b e r s  
a r e  less expensive than  a l l  t h e  o t h e r  f i b e r  t ypes  l i s t e d  except  f o r  g l a s s .  
Also,  t h e s e  f i b e r s  a r e  now commercially a v a i l a b l e  i n  q u a n t i t i e s  of hundreds 
of pounds, and i n  ano the r  yea r  o r  two they  should be a v a i l a b l e  by t h e  ton .  
One of t h e  ch ie f  advantages  of t h e s e  new f i b e r s  i s  t h e i r  extremely 
h igh  s p e c i f i c  modulus. Thus, t hey  should impar t  s i g n i f i c a n t  s t i f f n e s s  
t o  t h e  aluminum. They should a l s o  reduce t h e  d e n s i t y  of aluminum. When 
cons ide r ing  t h e s e  f a c t o r s  and o t h e r  c r i t e r i a  (as l i s t e d  i n  Table 51, t h e  
RAE-60 g r a p h i t e  f i b e r s  appeared ve ry  promising f o r  t h i s  s tudy .  The more 
dense  and c o s t l y  A 1 2 0 3  and S i c  whiskers were a l s o  a t t r a c t i v e  f i b e r  re- 
inforcement cand ida te s  f o r  p r e l i m i n a r y  s t u d i e s .  
a r e  no t  e l e c t r i c a l l y  conduct ive ,  they  a r e  a v a i l a b l e  i n  t h e  coa ted  form. 
Although t h e  A1203 whiskers 
I n  summary, t h e  g r a p h i t e  f i b e r s  were t h e  most a t t r a c t i v e  f i b e r s  which 
could be used on t h i s  program from t h e  s t andpo in t  of d e s i r a b l e  p r o p e r t i e s ,  
s i z e  ( l e n g t h  and d i a m e t e r ) ,  c o s t ,  and a v a i l a b i l i t y .  S i m i l a r l y ,  t h e  A1203 
and S i c  whiskers  were a l s o  a t t r a c t i v e  cand ida te s ,  a l t hough  cons ide rab ly  
more expens ive .  Thus, t h e  emphasis was d i r e c t e d  p r i m a r i l y  t o  t h e  g r a p h i t e  
f i b e r s .  
Fiber-Aluminum Codepos i t ion  - Over 200 l a b o r a t o r y  runs ,  i n v e s t i g a t i n g  
p e r t i n e n t  codepos i t i on  pa rame te r s ,  were made. Eighteen codepos i t i on  l a b o r -  
a t o r y  runs  i n  a n i c k e l  su l f ama te  ba th  preceded t h e  work i n  t h e  l a b o r a t o r y  
aluminum p l a t i n g  c e l l .  Nickel su l f ama te  sc reen ing  runs  reduced t h e  work- 
load i n  t h e  h e a v i l y  occupied aluminum p l a t i n g  g love  box and enabled v i s u a l  
obse rva t ion  of t h e  codepos i t i on  mechanisms. T h i s  approach was a c c e p t a b l e ,  
s i n c e  many b a s i c  e l e c t r o d e p o s i t i o n  parameters  do no t  depend on t h e  p a r t i c u -  
l a r  system involved .  S t i l l ,  where warran ted ,  conf i rmatory  runs  were made 
i n  t h e  aluminum p l a t i n g  c e l l .  
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The f i r s t  p rocess  i n v e s t i g a t e d  i n  t h e  n i c k e l  ce l l  was e l e c t r o -  
p h o r e t i c  codepos i t ion .  I n  t h i s  e a r l i e r  novel p r o c e s s  (GE p a t .  Docket 
N o .  39-1D-9851, w e  found c o n d i t i o n s  t o  codepos i t  s o l i d  p a r t i c l e s  by 
s imultaneous e l e c t r o p h o r e s i s  w i t h  metal  d e p o s i t i o n .  The amount co- 
d e p o s i t e d  i s  w e l l  c o n t r o l l a b l e .  While t h i s  p r o c e s s  works w e l l  w i t h  
powders o r  s p h e r i c a l  p a r t i c l e s ,  i t  was i n i t i a l l y  unsuccessfu l  wi th  t h e  
f i b e r s .  By repea ted  r e d u c t i o n  of t h e  g l a s s  f i b e r  l e n g t h ,  w e  found t h a t  
a t  g r e a t e r  than  a 1 O : l  l e n g t h  t o  d iameter  r a t i o ,  t h e  e l e c t r o p h o r e t i c  
t r a n s p o r t  of f i b e r s  w i t h i n  t h e  s o l u t i o n  became n e g l i g i b l e .  F u r t h e r  work, 
d e s c r i b e d  i n  a l a t e r  s e c t i o n ,  enabled u s i n g  g r e a t e r  l e n g t h  f i b e r s .  T h i s  
was v e r i f i e d  i n  t h e  aluminum s o l u t i o n  with both  g l a s s  and w i t h  g r a p h i t e  
f i b e r s ,  though c o n d i t i o n s  i n  t h e  h i g h e r  ohmic r e s i s t a n c e  aluminum b a t h  
should have favored e l e c t r o p h o r e t i c  t r a n s p o r t  i n  comparison w i t h  t h e  
n i c k e l  su l famate  ba th .  I n  t h i s  i n v e s t i g a t i o n ,  w e  were aiming a t  minimum 
l e n g t h  t o  d iameter  r a t i o s  of  100, p r e f e r a b l y  1000. 
Repeated runs  wi th  i n c r e a s e d  f i b e r  c o n t e n t  i n  t h e  p l a t i n g  b a t h  only  
confirmed t h e  f a c t  t h a t  random o c c l u s i o n  w i l l  no t  s i g n i f i c a n t l y  i n c r e a s e  
t h e  f i b e r  volume f r a c t i o n  i n  t h e  d e p o s i t .  The minimum loading o b t a i n a b l e  
d i d  no t  approach t h e  f i b e r  volume f r a c t i o n  aimed a t  i n  t h i s  s tudy.  
A procedure f o r  i n c l u s i o n  of g r a p h i t e  f i b e r s  by 81tamping11 was i n -  
v e s t i g a t e d .  P r i o r  t o  t h e  s t a r t  of t h e  aluminum d e p o s i t i o n  p r o c e s s ,  
t h e  s u b s t r a t e s  were r o u t i n e l y  a c t i v a t e d  i n  a 15% o l e i c  a c i d  b a t h  t o  re- 
move s u r f a c e  contaminat ions ,  i n c l u d i n g  t h i n  oxide f i l m s .  Since t h i s  
o l e i c  a c i d  f i l m  was s t i c k y ,  t h e  s u r f a c e  was very  r e c e p t i v e  t o  a n  i n i t i a l  
s h o r t  l e n g t h  f i b e r  a d d i t i o n .  A f t e r  s p r i n k l i n g  o r  blowing f i b e r s  over  
t h e  s t i c k y  s u r f a c e  f o r  some r u n s ,  a d d i t i o n a l  r o l l e r i n g  o r  tamping f l a t t e n  
ed down t h e  f i b e r s .  
t h e  o l e i c  a c i d  f i l m  l i f t e d  away many f i b e r s  from t h e  s u b s t r a t e ,  thereby  
l i m i t i n g  t h e  e f f e c t i v e n e s s  of  t h e  method. 
However, t h e  v igorous  r e a c t i o n  between t h e  b a t h  and 
I n  f u r t h e r  re f inements  of t h e  lay-up p r o c e s s ,  t h e  o l e i c  a c i d  f i l m  
c o n t a i n i n g  t h e  f i b e r s  was covered w i t h  (1) g l a s s  c l o t h  ( a s  shown i n  
F i g u r e  5.1, ( 2 )  g l a s s  f i l t e r  "paper" (see F i g u r e  6.1, o r  ( 3 )  p e r f o r a t e d  
p o l y t e t r a f l u o r o e t h y l e n e  f i l m  (1 m i l ) ,  i l l u s t r a t e d  i n  F igure  7.  A l l  of 
t h e s e  worked w e l l  i n  r e t a i n i n g  and p e r m i t t i n g  encapsula t ion  of t h e  f i b e r s .  
However, by t h e  t i m e  each could be removed (1 /2  h o u r ) ,  t h i s  cover was 
f i r m l y  locked i n t o  t h e  aluminum d e p o s i t .  S ince  t h e s e  were unplanned re- 
i n f o r c i n g  m a t e r i a l s ,  t h i s  was unacceptable .  E a r l i e r  removal d i d  n o t  a s -  
s u r e  r e t e n t i o n  of a l l  t h e  f i b e r s ,  s i n c e  some of  t h e  f i b e r s  s t i l l  t o r e  o f f  
w i t h  t h e  r e t e n t i o n  m a t e r i a l .  T h i s  i s  shown i n  F i g u r e  8. 
F i n a l l y ,  a 1/32" t h i c k ,  p e r f o r a t e d  (1/8" d iameter  p e r f o r a t i o n s )  
u n p l a s t i c i z e d  PVC o v e r l a y ,  which was used,  appeared t h e  b e s t  s u i t e d  
(see F i g u r e  9 . ) .  The aluminum d e p o s i t  could n o t  g r a b  t h e  comparat ively 
t h i c k  PVC o v e r l a y  w i t h i n  t h e  1 / 2  hour necessary  f o r  t h e  r e t e n t i o n  of 
t h e  f i b e r s .  Severa l  runs  e s t a b l i s h e d  t h e  p r e s s u r e  necessary  f o r  ho ld ing  
down t h e  f i b e r s .  
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Since  t h e  temporary r e t e n t i o n  of  f i b e r s  by t h e  p e r f o r a t e d  u n p l a s t i -  
c i zed  PVC o v e r l a y  y i e lded  encouraging r e s u l t s ,  thoughts  were g iven  t o  ad -  
d i t i o n a l  l a y e r s  of f i b e r s  beyond t h e  i n i t i a l  one. A procedure was worked 
o u t  t o  a s s u r e  good adhes ion  of t h e  subsequent aluminum d e p o s i t  t o  t h e  
p r e v i o u s l y  d e p o s i t e d  aluminum su r face .  The most s u c c e s s f u l  procedure re- 
q u i r e d  o l e i c  a c i d  a c t i v a t i o n  of t h e  c l ean  s u r f a c e ,  followed by a 150 a . s . f .  
r e v e r s e  c u r r e n t  t r ea tmen t  i n  t h e  p l a t i n g  s o l u t i o n  p r i o r  t o  t h e  s t a r t  of 
t h e  d e p o s i t i o n .  T h i s  procedure pe rmi t t ed  removal of t h e  i n i t i a l  f i b e r -  
con ta in ing  d e p o s i t  from t h e  ba th  a s  soon a s  t h e  d e p o s i t  t h i c k n e s s  exceed- 
ed t h e  f i b e r  d i ame te r ,  and a subsequent aluminum bu i ld -up  a f t e r  t h e  a p p l i -  
c a t i o n  of more f i b e r s  t o  t h e  s u r f a c e .  
Although t h e  a l ignment  and t h e  volume f r a c t i o n  of f i b e r s  were f a i r l y  
w e l l  c o n t r o l l a b l e  by t h i s  technique ,  i t  was not  s t r i c t l y  a codepos i t i on  
p rocess  and ,  t h e r e f o r e ,  less d e s i r a b l e  f o r  meeting t h e  o b j e c t i v e s  of t h e  
p r e s e n t  c o n t r a c t .  
D i e l e c t r o p h o r e s i s  was t r i e d  a s  a procedure f o r  d e p o s i t i n g  f i b e r s  
d i r e c t l y  on t h e  cathode. D i e l e c t r o p h o r e s i s  can be de f ined  a s  t h e  t r a n s -  
l a t i o n a l  motion of a n e u t r a l  p a r t i c l e  due t o  t h e  a c t i o n  of an  inhomogeneous 
e l e c t r i c  f i e l d  on i t s  permanent o r  induced d i p o l e  moment. Th i s  i s  d i s -  
t i ngu i shed  from t h e  motion caused by t h e  response  t o  a f r e e  charge on a 
body i n  a homogeneous e l ec t r i c  f i e l d  ( i .e. ,  e l e c t r o p h o r e s i s ) .  
To c r e a t e  a non-uniform f i e l d ,  a l a r g e  p l a t e  anode and a smal l  
c y l i n d r i c a l  ca thode  (heavy wire) were in t roduced  i n t o  t h e  aluminum p l a t -  
i n g  s o l u t i o n - f i b e r  d i s p e r s i o n .  Migra t ion  of t h e  d i s p e r s e d  g r a p h i t e  f i b e r s  
t o  t h e  ca thode  (h igh  c u r r e n t  d e n s i t y  p o l e )  was observed. 
g r a t e d  t o  t h e  anode. The depos i t ed  f i b e r s  were t a n g e n t i a l l y  a l i g n e d  
(pe rpend icu la r  t o  t h e  rod a x i s ) .  Th i s  i n v e s t i g a t i o n  looked h i g h l y  promis- 
i n g  and a l a r g e r  c y l i n d e r  could have served a s  t h e  ca thode  i n  t h e  sca l ed -  
up 0.757 m3 (200 g a l l o n )  p l a t i n g  s o l u t i o n .  
vance made by t h e  e l e c t r o p h o r e t i c  method, desc r ibed  below, t h e  d i e l e c t r o -  
p h o r e t i c  i n v e s t i g a t i o n  was she lved .  
N o  f i b e r s  m i -  
However, w i t h  the sudden ad-  
E l e c t r o p h o r e t i c  mig ra t ion  of h igh  s t r e n g t h ,  h igh  modulus f i b e r s  t o  
t h e  ca thode  du r ing  aluminum e l e c t r o d e p o s i t i o n  r e p r e s e n t e d ,  p o t e n t i a l l y ,  
a n  i d e a l  method f o r  ach iev ing  "high" f i b e r  volume i n c l u s i o n  and f i b e r  
d i r e c t i o n a l i t y .  D i f f i c u l t i e s  i n  u t i l i z i n g  t h i s  technique  occurred  be- 
cause  of a h igh  f i b e r  l eng th - to -d iame te r  r a t i o  i n i t i a l  requirement i n  t h e  
e l ec t ro fo rm.  Recons ider ing  t h e  de f ined  program g o a l s  - t o  extend t h e  
s t a t e - o f - t h e - a r t  of the aluminum codepos i t i on  p rocess ,  i n  o rde r  t o  i n c r e a s e  
composite UTS and modulus wi thout  immediately aiming a t  t h e  maximum p o s s i b l e  
v a l u e s  - s u b s t a n t i a l l y  lower f i b e r  l eng th - to -d iame te r  r a t i o s  could be u n t i l i z -  
ed t o  meet t h e s e  o b j e c t i v e s .  Although t h e  oppor tun i ty  t o  a t t a i n  t h e o r e t i c a l  
s t r e n g t h  was d iminished ,  i t  was a n t i c i p a t e d  t h a t  t h e  p r a c t i c a l i t y  of work- 
i n g  wi th  s h o r t  l e n g t h  g r a p h i t e  f i b e r s  would compensate f o r  t h i s .  
D i spe r s ions  of s h o r t  l e n g t h ,  0.8 mm (-1/32-inch) ,  g r a p h i t e  f i b e r s ,  
w i t h  a l eng th - to -d iame te r  r a t i o  of approximate ly  100, were prepared i n  
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a number of  s o l v e n t s ,  p r i o r  t o  i n t r o d u c t i o n  i n t o  t h e  aluminum p l a t i n g  
s o l u t i o n .  E l e c t r o p h o r e t i c  m i g r a t i o n  of t h e  g r a p h i t e  f i b e r s  t o  t h e  
anode occurred ;  however, a l i ke  movement t o  t h e  cathode i s  r e q u i r e d  t o  
f a b r i c a t e  aluminum composites.  Many d i s p e r s a n t s  and v a r i o u s  charg ing  
procedures  were t r i e d ,  i n  v a i n ,  t o  a l t e r  t h e  e l e c t r i c a l  charge of t h e  
f i b e r s .  C o n s u l t a n t s ,  i n  t h e  f i e l d s  of c o l l o i d a l  d i s p e r s i o n  and e l e c t r o -  
p h o r e t i c  k i n e t i c s ,  w i t h i n  t h e  many departments  of t h e  company and v a r i o u s  
o u t s i d e  companies and a g e n c i e s ,  were contac ted .  The consensus of op in ion  
was t h a t  f i b e r  p r e t r e a t m e n t  was necessary ,  bu t  t h a t  i t  would be imposs ib le  
t o  s p e c i f y  any d i s p e r s a n t  which would g i v e ,  p r e d t c t a b l y ,  t h e  d e s i r e d  elec- 
t r i c a l  charge t o  t h e  f i b e r s  i n  o u r  non-aqueous p l a t i n g  system. A t r i a l  
and e r r o r  approach was recommended. 
The r i g h t  combination, t o  d e p o s i t  the g r a p h i t e  f i b e r s  on t h e  ca thode ,  
was f i n a l l y  found a f t e r  weeks of experimentat ion.  S h o r t  l e n g t h  g r a p h i t e  
f i b e r s  were u l t r a s o n i c a l l y  d i s p e r s e d  i n t o  e t h e r ,  which contained an 
a n i o n i c  d i s p e r s a n t .  Addit ion of t h e  f i b e r s  t o  t h e  aluminum p l a t i n g  b a t h ,  
p r i o r  t o  o r  dur ing  p l a t i n g ,  r e s u l t e d  i n  heavy f i b e r  m i g r a t i o n  t o  t h e  
cathode. The i n i t i a l  i n v e s t i g a t i o n  was q u a l i t a t i v e  and an o v e r l y  heavy 
loading  was achieved i n  t h e  d e p o s i t .  The system looked very  promising 
and t h e  l a b o r a t o r y  i n v e s t i g a t i o n  concent ra ted  on me-thods f o r  c o n t r o l l i n g  
t h e  migra t ion  r a t e .  
Addi t iona l  work, r e q u i r i n g  many l a b o r a t o r y  test r u n s ,  was performed, 
and procedures  f o r  main ta in ing  s u i t a b l e  c o n t r o l  of t h e  f i b e r  m i g r a t i o n  
r a t e ,  necessary  t o  a c h i e v e  sound, uniformly d i s t r i b u t e d  fiber-aluminum 
composi tes ,  were developed. 
The d e p o s i t i o n  on t h e  cathode occurred  uniformly and i n  one p l a n e ,  
wi thout  any p i l e - u p  o r  bunching of f i b e r s .  The s i m i l a r l y  charged f i b e r s  
r e p e l l e d  one a n o t h e r  s u f f i c i e n t l y ,  even a f t e r  d e p o s i t i o n  on t h e  cathode,  
so t h a t  f i b e r  p i l e - u p  was n o t  observed,  except  when t h e  f i b e r  a d d i t i o n  
was excess ive .  T h i s  i s  extremely impor tan t ,  s i n c e  f i b e r - t o - f i b e r  c o n t a c t  
i s  a weakening f a c t o r  i n  the f a b r i c a t i o n  of composites.  
I n h e r e n t  c o n t r a c t  l i m i t a t i o n s  and t h e  n e c e s s i t y  of e v a l u a t i n g  a l l  
of  t h e  many promising codepos i t ion  methods e a r l i e r  i n  t h e  program, severe-  
l y  l i m i t e d  t h e  t i m e  f o r  o p t i m i z a t i o n  of t h i s  promising technique.  Many 
v i t a l  parameters  s t i l l  r e q u i r e  a d d i t i o n a l  s t u d y ;  however, much impor tan t  
d a t a  have been amassed ( r e p o r t e d  i n  a l a t e r  s e c t i o n ) .  
Anumber of o t h e r  d i s p e r s i n g  techniques  were i n v e s t i g a t e d  p r i o r  t o ,  
o r  c o n c u r r e n t l y  w i t h ,  t h e  method d e s c r i b e d  above. These e f f o r t s  w i l l  be 
d e s c r i b e d ,  b r i e f l y .  
An i n t e r e s t i n g  approach was developed by t h e  Lincoln  Laboratory i n  
Massachuset ts ,  f o r  g i v i n g  t h e  g r a p h i t e  f i b e r s  a p o s i t i v e  charge.  T h i s  
c o n s i s t e d  of  e l e c t r i c a l l y  charg ing  d r y  a i r  by p a s s i n g  i t  between condenser 
p l a t e s ,  s e p a r a t i n g  one charged s t ream, and p a s s i n g  i t ,  t u r b u l e n t l y ,  through 
a b a t c h  of g r a p h i t e  f i b e r s .  I n  t h i s  manner, a s t a t i c  charge was t r a n s -  
f e r r e d  t o  t h e  f i b e r s .  An a p p a r a t u s  f o r  e l e c t r i c a l l y  charg ing  a i r  was 
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cons t ruc t ed .  Unfo r tuna te ly ,  the s t a t i c  charge qu ick ly  d i s s i p a t e d  when 
;he f i b e r s  were in t roduced  i n t o  t h e  p l a t i n g  s o l u t i o n .  
Other t echn iques ,  which were i n v e s t i g a t e d ,  were t o  degas t h e  g r a p h i t e  
f i b e r s  and either (1) apply  an  i n e r t  gas  f i l m  ( i .e . ,  N2); o r  ( 2 )  apply  
a reducing  gas  f i l m  ( i . e . ,  H2), o r  (3 )  apply  an  o x i d i z i n g  gas  f i l m  
( i . e . ,  021, o r  ( 4 )  t r a n s f e r  t h e  f i b e r s  immediately i n t o  t h e  p l a t i n g  
s o l u t i o n  o r  ( 5 )  app ly  a p o l a r  compound, t r i a l  and e r r o r  method, u n t i l  
t h e  d e s i r e d  a c t i o n  i n  a n  e l e c t r o p h o r e t i c  f i e l d  i s  a t t a i n e d .  However, 
wi th  t h e  e l e c t r o p h o r e t i c  procedure improvement desc r ibed  p r e v i o u s l y ,  t h e  
i n v e s t i g a t i o n  of t h e s e  t echn iques  was abandoned. 
P h y s i c a l  P r o p e r t i e s  of Laboratory-Prepared Codepos i t s  - Ear ly  l abora to ry -  
prepared  c o d e p o s i t s ,  p a r t i c u l a r l y  by t h e  tamping procedure ,  showed de-  
c r e a s e s  i n  u l t i m a t e  t e n s i l e  s t r e n g t h .  Graph i t e  f i b e r s  codepos i ted  e l e c t r o -  
p h o r e t i c a l l y  wi th  t h e  aluminum m a t r i x  y i e lded  specimens i n  which a marked 
i n c r e a s e  i n  s t r e n g t h  was noted .  Opera t ing  c o n d i t i o n s  were v a r i e d  t o  i n -  
v e s t i g a t e  p e r t i n e n t  parameters ,  and subsequent ly  some samples t e s t e d  h i g h e r ,  
wh i l e  some t e s t e d  lower. Supposed l i k e  specimens d i d  no t  always y i e l d  i- 
d e n t i c a l  test  r e s u l t s ,  which i n d i c a t e d  t h a t  proper  c o n t r o l  and unders tand-  
i n g  of c o n t r o l l i n g  parameters  had no t  y e t  been r e a l i z e d .  
Accordingly,  some g r a p h i t e  fiber-aluminum composites have shown 
s i g n i f i c a n t  i n c r e a s e s  i n  u l t i m a t e  t e n s i l e  s t r e n g t h  - up t o  224 MN/m2 
(32,400 psi) v s .  76.0 M N / m 2  (11,000 p s i )  f o r  p l a i n  e lec t roformed aluminum. 
Some g r a p h i t e  fiber-aluminum composite samples have shown a marked i n -  
c r e a s e  i n  t h e  modulus of e l a s t i c i t y  - up t o  91.1 GN/m2 (13.2 x 10 6 p s i )  v s .  
56.6 GN/m2 ( 8 . 2  x 10 6 p s i )  f o r  p l a i n  e lec t roformed aluminum. The p l a i n  
e l ec t ro fo rmed  aluminum c o n t r o l  specimens were no t  i d e n t i f i e d  a s  such t o  
t h e  t e s t i n g  l a b o r a t o r y ,  and a t  l e a s t  one such c o n t r o l  specimen was i n -  
cluded wi th  each ba tch  of specimens and t e s t e d  concur ren t ly .  These con- 
t r o l  samples were machined t o  t h e  same dimensions a s  t h e  test specimens and 
by appearance were u n d i s t i n g u i s h a b l e  from them. The test  procedure ,  e s t a b l i s h -  
ed p r i o r  t o  t h e  s t a r t  of t h i s  program, embodies t h e  mounting of two s t r a i n  
gages on each specimen - one on each f a c e  of t h e  gage l eng th .  The stress- 
s t r a i n  curve ,  subsequent ly  ob ta ined ,  averaged t h e  two i n d i v i d u a l  curves  and 
e l imina ted  any ex t r aneous  e f f e c t s .  
These i n c r e a s e d  v a l u e s ,  c i t e d  above, cannot be expla ined  by t h e  r u l e  of 
mix tu res  t h e o r y  of f i b e r  r e i n f o r c e d  composites,  because of t h e  low volume 
p e r  cen t  of conta ined  g r a p h i t e  f i b e r s  (approximately 1%). There fo re ,  t h e  
mechanism of s t r e n g t h e n i n g  m e r i t t e d  some i n v e s t i g a t i o n .  
An e l ec t ro fo rmed  aluminum specimen prepared  from a new l a b o r a t o r y  
p l a t i n g  s o l u t i o n ,  and a g r a p h i t e  f i b e r - e l e c t r o f o r m e d  aluminum codepos i ted  
specimen, prepared  from a n  i d e n t i c a l  p l a t i n g  s o l u t i o n ,  were me ta l log raph ic -  
a l l y  p o l i s h e d  and e tched  w i t h  HF. 
vea l ed  t h a t  t h e r e  was no promounced p a t t e r n  i n  t h e  p l a i n  e lec t roformed a l -  
uminum, but  an  i n t r i c a t e  p a t t e r n  of f i n e  l i n e s  was observed i n  t h e  micro- 
s t r u c t u r e  of t h e  r e i n f o r c e d  m a t e r i a l .  T h i s  p a t t e r n  i s  shown i n  F igu res  10 
and 11, a t r a n s v e r s e  s e c t i o n  and l o n g i t u d i n a l  s e c t i o n ,  r e s p e c t i v e l y ,  o f  t h e  
Photomicrographs of t h e  two m a t e r i a l s  re- 
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g r a p h i t e  fiber-aluminum specimen. The l i n e  p a t t e r n  appears  t o  b e  a n i s o t r o p -  
i c  and may be r e l a t e d  t o  t h e  arrangement o f  t h e  e l e c t r o d e s  and t h e  r e s u l t -  
i n g  e l e c t r o m a g n e t i c  f i e l d  p a t t e r n s .  The p o t e n t i a l  s i g n i f i c a n c e  of t h i s  w i l l  
be d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n .  
These f i n e  l i n e s  i n  t h e  m i c r o s t r u c t u r e  appear  t o  be microcracks.  Such 
c r a c k s  a r e  evidence of h i g h  i n t e r n a l  s t r a i n s  developing d u r i n g  t h e  co- 
d e p o s i t i o n  e l e c t r o f o r m i n g  process .  Such h igh  s t r a i n s  induce d i s l o c a t i o n s ,  
S r a i n  hardening and,  consequent ly ,  a n  i n c r e a s e  i n  UTS. The o r i g i n  of 
t h e s e  s t r a i n s  may be due t o  adsorbed m a t e r i a l s ,  from t h e  s u r f a c e s  of t h e  
g r a p h i t e  ( t o  induce t h e  proper  charge f o r  migra t ion  t o  the c a t h o d e ) ,  e n t e r -  
i n g  i n t o  t h e  e l e c t r o d e p o s i t i o n  process .  An important  c h a r a c t e r i s t i c  of 
such e f f e c t s  i s  t h e  low t h r e s h o l d  of  impur i ty  c o n c e n t r a t i o n  needed t o  
produce s i g n i f i c a n t  changes i n  t h e  morphology of an e l e c t r o l y t i c a l l y  
growing c r y s t a l .  
I n  a d d i t i o n  t o  t h e  e f f e c t  on UTS of  i n t e r n a l  s t r a i n s ,  which would 
n o t  e f f e c t  modulus of e l a s t i c i t y ,  t h e  g r a p h i t e  f i b e r s ,  p e r  se ,  may be 
r e i n f o r c i n g  even though p r e s e n t  i n  a v e r y  small  volume percentage .  For 
example, Mantei (Reference 5 )  h a s  shown t h a t  a s i n g l e  boron f i b e r  i n  
aluminum (less than 1 volume p e r  c e n t )  can induce s i g n i f i c a n t  i n c r e a s e s  
i n  u l t i m a t e  t e n s i l e  s t r e n g t h  and modulus of e l a s t i c i t y .  These i n c r e a s e s  
exceed p r e d i c t e d  v a l u e s  from t h e  r u l e  of  mixtures  theory.  A b a s i c  a s -  
sumption of t h i s  t h e o r y  i s  t h a t  P o i s s o n ' s  r a t i o  f o r  t h e  m a t r i x  and f o r  
t h e  f i b e r  be i d e n t i c a l .  T h i s  i s  n o t  so f o r  g r a p h i t e  f i b e r s  i n  aluminum, 
where t h e  g r a p h i t e  f i b e r  Poisson  r a t i o  i s  cons iderably  lower than  t h a t  f o r  
aluminum. A s  a r e s u l t ,  a s t a t e  of t r i a x i a l  stress i s  induced d u r i n g  t e n -  
s i l e  tes t  (References 6 and 7 )  and t h i s  reduces t h e  p o s s i b i l i t y  of s l i p  
and y i e l d  and,  thereby ,  t e n d s  t o  i n c r e a s e  t h e  UTS. According t o  M a n t e i ' s  
experiments ,  some s y n e r g i s t i c  e f f e c t  a l s o  increased  t h e  modulus of e l a s t i c i t y .  
S i m i l a r  d a t a  on s y n e r g i s t i c  e f f e c t s  of f i b e r - m a t r i x  composites s t r e n g t h  and 
modulus have been r e p o r t e d  (References 5 ,  6 ,  7 ,  8 and 9 ) .  
I n  t h e  c a s e  of  t h e  e lec t roformed composite,  o t h e r  f a c t o r s ,  which may 
be o p e r a t i n g  t o  i n c r e a s e  UPS and E even w i t h  low volume f r a c t i o n  loadings  
of f i b e r s ,  a r e  t e x t u r e  e f f e c t s  (Reference 101, p r e f e r r e d  c r y s t a l l o g r a p h -  
i c  o r i e n t a t i o n ,  g r a i n  re f inements  due t o  s p e c i f i c  a d d i t i v e s  used and i m -  
p u r i t y  atoms i n  t h e  l a t t i c e .  
The fo l lowing  i t e m s  deserve  s p e c i a l  c o n s i d e r a t i o n :  
(1) The s t a n d a r d  v a l u e  f o r  modulus of e l a s t i c i t y  of e lectroformed 
aluminum i s  56.6 GN/m2 (8.2 x lo6 p s i ) ,  a s  determined on s e v e r a l  dozen 
tes t  samples o v e r  t h e  p a s t  f o u r  y e a r s .  T h i s  i s  less than  t h e  book v a l u e  
f o r  o t h e r  t y p e s  of f a b r i c a t e d  aluminum. However, a s i m i l a r  c i rcumstance 
e x i s t s  f o r  n i c k e l  e lec t roformed from a "low" stress n i c k e l  su l famate  p l a t -  
i n g  s o l u t i o n  - 124 t o  152 GM/m2 (18 t o  22 x lo6 p s i )  vs .  207 GN/m2 ( 3 0 ~ 1 0 ~  p s i )  
f o r  "convent ional ly"  f a b r i c a t e d  n i c k e l  (Reference 11). 
( 2 )  High UTS and E v a l u e s  have been reproduced, a l though n o t  on 
a c o n s i s t a n t  b a s i s .  Modulus i n c r e a s e s  have occurred  o n l y  i n  about  1 / 3  of 
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the tested specimens. However, this frequency attests to significant 
improvement, even if to inadequate control and insufficient definition 
of the applicable parameters. 
( 3 )  Data variations are larger in the small lab cells, where a few 
hours run causes marked changes in the composition of the small quantity 
of plating solution. Also insufficient control exists over other para- 
meters, such as the effect of length to diameter ratio of the ltshortI1, 
handcut fiber lengths, fiber dispersant chemicals, degree of alignment, 
actual fiber loading and uniformity and the like. 
( 4 )  Additional efforts in the graphite-aluminum codeposition method 
are required for this recently established system and technique. 
Fiber-Alignment - The metallographic evidence of anisotrophy of the 
deposited graphite fibers, previously supposed random in one plane, led 
to taking specimens with the sample axis cut parallel to the anodes and 
with the sample axis cut perpendicular to the anode position during electro- 
deposition. The modulus of elasticity of tensile specimens cut in the trans- 
verse direction exceeded that for the longitudinally cut counterpart - 
72.5 GN/m2 (10.5 x lo6 psi) vs. 58.0 GN/m2 (8.4 x lo6 psi). 
very limited, at this time, but significant, considering they substantiate 
the metallographic work. The importance of aligning fibers by controlling 
the directionality of the electromagnetic field cannot be overemphasized. 
The time remaining on the contract did not permit pursuing this promising 
development any further. The technique of aligning fibers by controlling 
the directionality of the electromagnetic field is a major part of any plan- 
ned future investigation. 
The data are 
Earlier in the program, another technique for achieving fiber align- 
ment was investigated. This method, termed solution streaming, required 
continuous non-turbulent transport of a quantity of plating solution con- 
taining dispersed fibers over the cathode. 
velocity would exert a positive force for alignment, but this proved in- 
adequate. 
with nickel and impose a magnetic field to align the fibers. A number of 
variations on this basic approach appeared very promising, although they 
were not followed up in detail, since the electrophoretic alignment was more 
universally applicable. The streaming method is described in detail in 
Appendix A. 
It was hoped that the flow 
One possible solution conceived was to coat the graphite fibers 
Fiber-Matrix Bond Strength - The increased strength and modulus values 
measured for various graphite fibers-aluminum codeposits represented an 
indirect qualitative indication of fiber-to-matrix bond strength. The need 
for obtaining a quantitative determination existed, since carbon and al- 
uminum are inert with respect to one another below 1073OK (8C)OOC) and since 
a fiber reinforcement would not be effective if a weak bond strength con- 
dition existed. 
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A limited investigation of the graphite fiber-to-electrodeposited 
aluminum bond strength was undertaken. A number of individual 7.6-micron 
(0.0003-inch) diameter graphite fibers were affixed to a frame-like rack, 
after prior fiber cleaning by soaking in alcohol. Subsequently, a partial 
length of each fiber was electroplated with aluminum. The deposit on each 
fiber was spotty and discontinuous as typified by an improperly cleaned 
surface. Several additional racks were prepared using fibers previously 
cleaned by boiling in water - our usual procedure. The aluminum subse- 
quently deposited was continuous and comparable to the quality on codeposit- 
ed fibers. 
The test procedure consisted of attaching the short section of de- 
posited aluminum of an individual filament to an arbor with epoxy cement 
and subsequently pulling the fiber in tension in a micro-tensile testing 
machine. To measure the bond strength, it was necessary to "pull out" 
the graphite fiber from the deposited aluminum sleeve. 
tinuous length of aluminum on the graphite fibers presented a problewin 
that the fibers themselves failed prior to ttpull out". Short lengths of 
deposited aluminum were required. Strange to report, the spotty discon- 
tinuous aluminum deposit was best suited for testing. These short al- 
uminum nodules were of various lengths and in the range suitable for 
"pull out" of the fiber from the aluminum matrix. Shorter and shorter 
lengths were used in subsequent tests until finally a fiber "pull out" 
was achieved for a 0.13 mm (0.005-inch) length of aluminum. A bond strength 
of 10.4 MN/m2 (1510 psi) was calculated from the data. 
of the procedure, calculations, etc., appears in Appendix B. It was con- 
cluded, from this investigation, that the bond strength between the graphite 
fiber and electrodeposited aluminum is not a limiting problem for obtain- 
ing composite reinforcement at room temperature. Also, the short length 
fibers utilized for codeposition exceed the critical fiber length. 
The "long" con- 
A detailed write-up 
It should be noted that the graphite fiber was used substantially in 
the as-received condition and, to date, these fibers have not been surface 
treated, etc., to attempt to increase bond strength. This is clearly a 
very fertile area for further study. 
Electroform Flat Glass Fiber-Aluminum Samples in Pilot Cell 
Although the limitations (described earlier) of glass fiber co- 
deposition by electrophoresis was recognized, the electroforming of glass 
fiber-aluminum samples was deemed important as a dress rehearsal for graph- 
ite fiber run (described in the following section) and to provide reference 
specimens for test. 
Glass fibers were silvered according to techniques previously report- 
ed (Reference 12) .  Subsequently, flat glass fiber-aluminum samples were 
routinely prepared to fulfill contractual requirements - to provide test 
specimens, for which data are reported in a following section, and one 
square foot of glass fiber-electroformed aluminum sheet, a contract de- 
15. 
liverable item. This concluded the above task requirements. 
Electroform Flat Graphite Fiber-Aluminum Samples in the Pilot Cell 
Preparations were made for electroforming a graphite fiber-aluminum 
composite in the pilot cell utilizing our projected thinking on process 
optimization, incorporating such features as the "vacuum cleaner" (describ- 
ed earlier) for removing excess, non-adhering fibers. This does not repre- 
sent the furthest possible advance, but does mark a considerable step for- 
ward in this new codeposition technology. 
Flat graphite fiber-aluminum samples were routinely prepared to 
fulfill contractual requirements - to provide test specimens, for which 
data are reported in the following section, and one square foot of graph- 
ite fiber-electroformed aluminum sheet, a contract deliverable item. This 
concluded the above task requirements. 
Physical Properties of Plain, Glass Fiber & Graphite Fiber-Aluminum 
Specimens of plain aluminum, of glass fiber-aluminum and of graphite 
fiber-aluminum composites were tested, as described previously. These speci- 
mens were taken from locations adjacent to each of the three contract de- 
liverable panels. Transverse and longitudinal specimens were selected for 
the graphite fiber-aluminum composite. 
The glass fiber-aluminum specimen exhibited little increase in strength. 
An ultimate tensile strength and modulus of elasticity of 184 MN/m2 (26,700 
psi) and 64.9 GN/m2 (9.4 x lo6 psi). respectively, for graphite fiber-elec- 
troformed aluminum was measured, as compared with an average of 97.4 MN/m2 
(14,100 psi) and 48.3 GN/m2 (7 x lo6 psi), respectively, for plain electro- 
formed aluminum. 
strain curves for each specimen are shown in Figures 12, 13 and 14. 
These data are presented in Table 6. Representative stress- 
Thermal expansion of the three specimens were ll.O/oF, 11.2/oF and 
11.4/OF for plain aluminum, glass fiber-aluminum and graphite fiber-aluminum, 
respectively. 
The measured fiber volumes were 0.15% and 0.11% fdr glass fiber and 
for graphite fiber-aluminum composites, respectively. 
Electroform Graphite Fiber-Aluminum Structural Element 
Seven designs for electroforming the graphite fiber-aluminum codeposition 
composite structural element in the pilot cell were proposed. The applicabil- 
ity of each proposed design, relating to specific structural and configuration 
usefulness in solar panel design, was discussed in detail with Mr. Ken Hanson, 
of GEls Space Power Group. 
nical personnel established the preferred structural element design, a panel 
section with upper tubular support. Accordingly, a scaled-down version man- 
drel (shown in Figure 15) was fabricated for a "shake-down" run to establish 
Subsequent discussions with NASArLangley tech- 
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the current profile, etc., for that specific geometry. Subsequently, an 
increased size, to scale, brass and copper mandrel was fabricated and a 
graphite fiber-aluminum composite was codeposited thereon in the pilot 
cell. The mandrel was etched away, leaving the required free-standing 
structural element, appearing in Figure 16. 
CONCLUSIONS AND RECOMMENDATIONS 
NAS 1-7913 was a highly successful contract. The immediate objectives 
of improving the quality, strength and elastic modulus of electrodeposited 
composites, utilizing high strength, high modulus fibers and of demonstrat- 
ing the applicability of the electrodeposition process to unusual structur- 
al shapes, as might be used in large solar cell arrays, was clearly met. 
In addition, considerable advances in the overall technology were made, 
particularly considering the real breakthroughs that occurred in the last 
1% months of the laboratory study. Highlights may be summarized as follows: 
1. The practicality of aluminum matrix composite fabrication by 
electroforming was demonstrated. 
2. Short length, dispersed fibers were electrophoretically co- 
deposited in a controlled manner. 
3 .  Both the strength and elastic modulus of aluminum were increased 
significantly after the codeposition of fibers. The UTS and elastic modu- 
lus were increased up to 300% and 160%, respectively, of the base material. 
4.  The above noted increases occurred in composites with less than 
1% fiber content. Only at the end of the program were methods found which 
permitted continued increases in the fiber loading, as compared with the 
negligible amounts added initially. 
5. The mechanism of this reinforcement is not evident. However, these 
data were reproducible and the values increased with greater fiber loading 
within the limited volume fraction investigated to date. 
6. Metallographic examination, later confirmed by mechanical test, 
indicated that orientation of the fibers within the composite occurred, 
due to the non-uniform directionality of the electric field. 
7. A good graphite fiber-to-aluminum matrix bond strength was 
measured, particularly when considering that no surface pretreatment was 
uti lized . 
The data generated on Contract No. NAS 1-7913 indicate that consider- 
able advances in this new technology were made and that we are on the thres- 
hold of a truly significant breakthrough in this room temperature, pressure- 
less fabrication procedure. Therefore, continuation of the program efforts 
17. 
are highly recommended. 
optimization of the techniques for fabricating fiber-aluminum com- 
posites by codeposition, concentrating on increasing fiber-matrix 
bond strength and fiber loading, and improving and controlling fiber 
alignment. The basic mechanism and areas for investigation have been 
established on this contract. 
development. 
This new work would be directed toward 
The rewards and big payoff await further 
18. 
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.TABLE 3 .  
CONSIDERATIONS FOR SELECTING A SPECIFIC REINFORCING FIBER 
A. MECHANICAL PROPERTIES 
1. S t r e n g t h  (and s t r e n g t h  s c a t t e r )  
2. E l a s t i c  modulus 
3 .  Densi ty  
4 .  S i z e  ( a )  Length - continuous 
( b )  Diameter 
- s h o r t  
5 .  Shape ( c r o s s - s e c t i o n ,  t a p e r ,  kinked, e t c . ) .  
6. Sur face  p r o p e r t i e s  
7 .  Hardness 
B. AVAILABILITY 
1. Cost 
2. Form (a Monofilament 
( b )  S t a p l e  
( c )  Tow, t h r e a d ,  weave 
3 .  H a n d l e a b i l i t y  
C.  ELECTROCHEMICAL 
1. P l a t a b i l i t y  ( a )  Need f o r  s u r f a c e  t r ea tmen t  
(b )  Need f o r  c o a t i n g  
2. E l e c t r i c a l  Conduct iv i ty  
3 .  S t a b i l i t y  i n  p l a t i n g  ba th  
D. OTHER 
1. Chemical Res i s t ance  ( c o r r o s i o n ,  o x i d a t i o n ,  d i f f u s i o n ,  e t c . )  
2. Mechanical Res i s t ance  ( e r o s i o n ,  a b r a s i o n ) .  
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TABLE 6 .  
ULTIMATE TENSILE STRENGTH AND MODULUS OF ELASTICITY 
FIBER INCORPORATED ELECTROFORMED ALUMINUM(1) 
DATA FOR  PLAIN(^), GLASS  FIBER(^) AND FOR GRAPHITE 
- Specimen 
1,Plain Electrofomed Aluminum 
U.T.S. 
Ultimate Tensile Strength Elastic Modulus 
ksi GN/m2 x106 psi 
48.3 7 .O 92.5 13.4 
-MN /m2 -
11. Glass Fiber-Aluminum Codeposit 49.2 
61.5 
55.7 
47.4 6.87 102. 14.8 
111. Graphite Fiber-Aluminum Codeposit 
A. Specimen, axis parallel to 
anode (longitudinal) 64.9 
64 .9  
B. Specimen, axis perpendicular 
to anode (transverse) 63.0 
62.6 
7.13 94.6 13.7 
8.9 110. 15.9 
8.07 103 14.9 
9.4 184 
9 .4  171 
9.12 170 
9.06 159 
26.7 
24.8 
24.6 
23 .O 
(1) Test specimens taken from adjacent location to the three contract 
deliverable panels supplied to Langley Research Center. 
25.  
STRENGTH y's GLASS FIBER LoAD\N@ 
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Figure 2. An x-ray microradiograph (17xmagnification) of the 
second pilot cell glass fiber-aluminum codeposition 
run, showing fiber distribution through the matrix. 
The near identical atomic number of aluminum and 
silicon makes contrast difficult. This problem 
would not exist for the graphite fiber-aluminum 
composites photographed by this non-destructive 
method. 
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30.  
F i g u r e  5. G las s  c l o t h  
used t o  r e t a i n  a f i b e r  
lay-up  du r ing  i n i t i a  1 
p l a t i n g .  
F igu re  6. G las s  f i l t e r  
"paper" used t o  r e t a i n  
a f i b e r  lay-up  du r ing  
i n i t i a l  p l a t i n g .  
31. 
F i g u r e  7. P e r f o r a t e d  poly-  
t e t r a f  l uo roe thy lene  f i l m  
used t o  r e t a i n  a f i b e r  l a y -  
up d u r i n g  i n i t i a l  p l a t i n g .  
F igu re  8. G l a s s  c l o t h  used 
t o  r e t a i n  a f i b e r  lay-up  f o r  
Depos i t ion  Run 212-63 was re- 
moved. Note f i b e r s  "locked" 
i n t o  c l o t h  by aluminum d e p o s i t .  
F igu re  9. T h i s  p e r f o r a t e d  
a n p l a s t i c i z e d  PVC f u n c t i o n -  
ed b e s t  t o  r e t a i n  a f i b e r  
lay-up  du r ing  i n i t i a l  p l a t i n g .  
32. 
Figure 10. Photomicrograph 
of a transverse section of 
a graphite fiber-aluminum 
codeposited electroform 
which was etched with 1/2X 
HF for 30 seconds, reveals 
an intricate pattern of 
fine cracks in the micro- 
structure. Magnification 
is 530 times. 
Figure 11. Photomicrograph 
of a longitudinal section 
of a graphite fiber-aluminum 
codeposited electroform 
which was etched with 1/2% 
HF for 30 seconds, indicates 
a different pattern of fine 
cracks in the micro-structure, 
as compared with Figure 2. 
Magnification is 530 times. 
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Fi-gure 15. This  pro to type  
copper mandrel f o r  e l e c t r o -  
forming a s t r u c t u r a l  element 
w i th  upper t u b u l a r  suppor t ,  
was used t o  e s t a b l i s h  t h e  
c u r r e n t  p r o f i l e  f o r  t h i s  
s p e c i f i c  geometry. 
Fdgure 16. The g r a p h i t e  
f i b e r - a  luminum s t r u c  tu ra  1 
element was electroformed 
i n  t h e  p i l o t  c e l l  t o  
demonstrate  t h e  complex- 
i t y  of shape which could 
be f a b r i c a t e d .  
37. 
APPENDIX A 
The fo l lowing  i s  t aken  from D r .  Musikant ' s  s tudy  on t h e  "Streaming 
So lu t ion"  process .  
1. Turbulance i n  t h e  s t ream w i l l  d e f e a t  e f f o r t s  t o  a l i g n  the f i b e r s .  
The maximum v e l o c i t y  f o r  laminar  flow of a f l u i d  with t h e  approx i -  
mate v i s c o s i t y  and d e n s i t y  of t h e  e l e c t r o l y t e  i s  g iven  below f o r  
f u l l  round tubes :  
Tube. Diameter 
25.4 mm (1 i n . )  
12.7 mm (1 /2  i n . )  
6.4 mm ( 1 / 4  i n . )  
Max. Ve loc i ty  
Laminar Flow 
16.5 mm/sec. (0.65 i n . / s e c . )  
33 .0  mm/sec. ( 1 . 3  i n . / s e c . )  
66.0 m m / s e c .  (2.6 i n . / s e c . )  
Thus, very  low v e l o c i t i e s  and small  d iameter  t ubes  a r e  r equ i r ed  f o r  
laminar flow. S i m i l a r i l y ,  f o r  open channel f low,  a low v e l o c i t y  i s  r equ i r ed  
f o r  laminar flow. 
2.  Each i n d i v i d u a l  f i b e r  has  i t s  c.g. a t  t h e  c e n t e r  of p r e s s u r e  ( s imple  
c y l i n d e r )  i n  a uniform flow f i e l d .  I f  t h e  a x i s  of a f i b e r  i s  m i s -  
a l i g n e d  wi th  t h e  flow d i r e c t i o n  i n  a uniform v e l o c i t y  f i e l d ,  t h e r e  
i s  no tendency t o  r o t a t e  t h e  f i b e r .  I n  a laminar flow f i e l d ,  near 
t h e  wal l  a r e s t o r i n g  moment w i l l  be developed t o  a l i g n  t h e  f i b e r  
w i th  t h e  flow d i r e c t i o n  because of t h e  v e l o c i t y  g r a d i e n t .  
For  open channel f low,  a sha rp  v e l o c i t y  g r a d i e n t  e x i s t s  f o r  t h e  
lower 2.54 mm (0.1 i n c h ) .  F i b e r s  i n  t h i s  r eg ion  w i l l  be r o t a t e d  
due t o  t h e  v e l o c i t y  g r a d i e n t  and w i l l  t end  t o  tumble downstream 
because t h e r e  i s  no s t a b l e  o r i e n t a t i o n .  Ne i the r  w i l l  t h e  flow 
f i e l d  have any tendency t o  a l i g n  f i b e r s  w i th  t h e  channel c e n t e r -  
l i n e , i f  they  a r e  i n i t i a l l y  skewed t o  t h e  d i r e c t i o n  o f f l u i d  flow. 
38. 
/ 
r. 4 
0 c.g. v 
Uniform Flow F i e l d  
No r e s t o r i n g  moment 
s u b s t r a t e  
Non-uniform Flow F i e l d  
C r e a t e s  a r e s t o r i n g  moment 
b u t  no s t a b l e  p o s i t i o n .  
s u b s t r a t e  
3.  I f  t h e  f i b e r s  a r e  coa ted  wi th  f e r romagne t i c  me ta l ,  then  a l i g n -  
ment p o s s i b i l i t i e s  e x i s t  by use  of a magnetic f i e l d .  However, 
i f  t h e  f e r romagne t i c  c o a t i n g  i s  unmagnetized p r i o r  t o  i n c o r -  
p o r a t i o n  i n  t h e  e l e c t r o l y t e  b a t h ,  a uniform magnetic f i e l d  
w i l l  produce no r e s t o r i n g  moment. 
Uniform Magnetic F i e l d  Non-Uniform Magnetic F i e l d  
Unmagnetized Ni-Coated F i b e r  Unmagnetized Ni-Coated F i b e r  
No r e s t o r i n g  moment C r e a t e s  a r e s t o r i n g  moment 
- 
H 
s u b s t r a t e  s u b s t r a t e  
39. 
I f  a non-uniform magnetic f i e l d  can be e s t a b l i s h e d ,  t hen  a re- 
s t o r i n g  moment w i l l  be developed. However, a n  ex t remely  l a r g e  and perhaps 
u n a t t a i n a b l e  magnet ic  g r a d i e n t  must be e s t a b l i s h e d  t o  e f f e c t  r o t a t i o n  and 
al ignment  of unmagnetized f i b e r s  by t h i s  means. 
4. A s  an  example, a Ni-coated g r a p h i t e  f i b e r  can be permanently 
magnetized by pass ing  t h e  cont inuous f i l a m e n t  through a 
magnetic f i e l d  of 94.5 A/m (12 o e r s t e d s ) .  I n  t h i s  circum- 
s t a n c e ,  t h e ' N i  w i l l  a ch ieve  an induc t ion  of about  0.4 t e s l a  
(4000 gauss ) .  
uniform magnet ic  f i e l d  w i l l  exper ience  a s t r o n g  r e s t o r i n g  
moment, always tending  t o  a l i g n  t h e  f i b e r  w i th  t h e  d i r e c t i o n  
of t h e  uniform magnetic f i e l d .  
A f i b e r  so magnetized and i n j e c t e d  i n t o  a 
Uniform Magnetic F i e l d  
Magnetized Ni-Coated F i b e r  
H c r e a t e s  a r e s t o r i n g  moment 
- 
and a s t a b l e  p o s i t i o n  a l igned  
wi th  f i e l d .  
s u b s t r a t e  
C a l c u l a t i o n s  i n d i c a t e  t h a t  f i b e r s  w i th  a Ni -coa t ing  of 1 p, o r  
less i n  a 0.1 t e s l a  (1000 gauss)  o r  sma l l e r  f i e l d  w i l l  be a l igned  ve ry  wuick- 
l y .  The f l u i d  w i l l  t end  t o  damp o s c i l l a t i o n s .  
5. Coat ings  which develop pass ive  oxide  f i l m s  cannot accep t  an  
adhe ren t  A 1  e l e c t r o d e p o s i t e d  f i l m  wi thout  p r i o r  s u r f a c e  a c t i -  
va t ion .  Many fe r romagnet ic  m a t e r i a l s  a r e  a v a i l a b l e  composed 
of  Fe ,  N i ,  and/or  Co a l l o y e d  wi th  o t h e r  non-magnetic metals .  
Thus t h e  problem of s u i t a b l e  a c t i v a t i o n  can be solved by 
proper  choice  of a l l o y  and/or  chemical t r ea tmen t  of t h e  coa t -  
ed f i b e r s  p r i o r  t o  immersion i n  t h e  e l e c t r o l y t e .  
' 
Based on t h e s e  c o n s i d e r a t i o n s  (which can be r e f i n e d ) ,  a p rocess ,  
such a s  dep ic t ed  i n  F igu re  A - 1 ,  appea r s  f e a s i b l e .  Graph i t e  f i b e r s ,  N i -  
coa ted ,  magnetized, and c u t  t o  about  l nun l eng th  a r e  a g i t a t e d  i n  a r e s e r v o i r  
of e l e c t r o l y t e .  
i n t o  an  open r e c t a n g u l a r  channel a t  a v e l o c i t y  of about  66 mm/sec. (2.6 i n / s e c . ) .  
The channel depth  is maintained a t  6.4 mm (1 /4- inch) .  
The mixture  i s  metered through a meter ing  va lve  and i n j e c t e d  
A so l eno id ,  surrounding t h e  channel ,  imposes a magnetic f i e l d  dn 
t h e  f i b e r s  which a l i g n s  them. The f i b e r s  se t t le  due t o  t h e  i n f l u e n c e  of 
g r a v i t y  and a r e  captured  by t h e  A 1  e l e c t r o d e p o s i t i n g  on t h e  Cu s u b s t r a t e  
cathode.  The mixture  of f i b e r s  and e l e c t r o l y t e  i s  r e c i r c u l a t e d  by means of 
a s u i t a b l e  pump. 
40. 
The problem which may arise is the tendency for the fibers 
A minimum degree of magnetization of the Ni-coating 
to clump together. This tendency may be controlled by use of a sufficient- 
ly dilute solution. 
will be used to minimize the clumping effect. Parameters for investigation 
are: 
(1) Ferromagnetic alloy composition which is compgtible 
with the aluminum electrodeposition process. 
(2) Fiber size, thickness of coating and magnetization level. 
( 3 )  Flow rape, channel depth, channel dimensiow, length of 
channel needed for gravity settlement of fibers. 
( 4 )  Concentration ratio of fiber to electrolyte. 
(5)  External magnetic field strength. 
( 6 )  Anode position, configuration, and electrical para- 
meters for most favorable gluminum deposition. 
( 7 )  Application of technique to other substrate configurations, 
such a s  a full cylinder. 
41. 
I 
42. 
APPENDIX B 
The following was taken from R.L. Mehan's internal report on 
the shear strength of the graphite fiber-electrodeposited aluminum bond: 
It was deemed important to determine quantitatively the bond strength 
between carbon fibers and the aluminum matrix, in which they are imbedded 
as fabricated by the electrodeposition technique, The need for these data 
are readily evident. Because carbon and aluminum are known to be inert with 
respect to one another below approximately 1073Ok (8OO0C) (l) , there seemed 
little likelihood of a strong chemical bond between carbon fibers and al- 
uminum when the system is formed by electroplating at or near room temper- 
ature. 
would be inordinately large. 
If a very weak bond were present, the critical transfer 1ength,Ac, 
The quantity,gc, is given by (*I: 
where 
= fiber fracture stress 
d = fiber diameter 
';r = matrix shear strength op interfacial bond 
shear strength, whichever is lower 
(assumed constant), 
A large value ofac in turn would require that the actual fiber length 
would have to be large in order to achieve significant composite strength, 
given by(2) : 
(1) R.E. Nightingale, "Various Forms of Carbon", in H.H. Hausner and 
M.C. Bowman, ed. Fundamentals of Refractory Compounds, Plenum Press, 
N.Y. 1968 
(2) A. Kelly, C.J. Davies, Met. Review 2, 1 (1965) 
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where 
= composite s t r e n g t h  
v+ = volume f r a c t i o n  f i b e r s  
! = f i b e r  l eng th  
a, = s t r e n g t h  of m a t r i x  a t  t h e  s t r a i n  a t  which t h e  f i b e r s  f a i l  
I f  p<L. , then  t h e  composite w i l l  always f a i l  by t h e  p l a s t i c  s t r a i n  of t h e  
ma t r ix .  Although some re inforcement  w i l l  o c c u r ,  t h e  degree  would no t  be 
l a r g e .  For t h i s  c a s e  t h e  composite s t r e n g t h  i s  g iven  b y ( 2 ) :  
where 
= u l t i m a t e  s t r e n g t h  of t h e  m a t r i x  
I t  i s  q u i t e  impor t an t ,  t h e r e f o r e ,  t o  have t h e  c r i t i c a l  t r a n s f e r  l e n g t h  
g r e a t e r  than  t h e  f i b e r  l e n g t h  used. As may be seen from equa t ion  (11, 
t h i s  depends i n v e r s e l y  on t h e  i n t e r f a c i a l  shea r  s t r e n g t h .  It  i s  no t  
necessa ry ,  o f  cour se ,  t o  have a s t r o n g  chemical bond between t h e  f i b e r  
and m a t r i x  f o r  e f f e c t i v e  re inforcement .  I n  some c a s e s ,  such a s  g l a s s -  
epoxy composites,  f r i c t i o n a l  f o r c e s  a r e  s u f f i c i e n t .  
For t h e  f i b e r s  used i n  t h e  NASA program and i n  t h i s  b r i e f  i n v e s t i g a t i o n ,  
t h e  manufacturer c l a ims  t h e  fo l lowing  p r o p e r t i e s :  
Dens i ty :  1.95 gms/cc 
T e n s i l e  S t r eng th :  250-300 k s i  
E l a s t i c  Modulus: 50-60 x 106 p s i  
I n i t i a l l y  i n  t h i s  i n v e s t i g a t i o n ,  t h e  b a s e - l i n e  f i b e r  p r o p e r t i e s  were 
determined. The f i b e r s  themselves a r e  shown i n  F igu re  B1.  From a 
photomicro raph  s i m i l a r  t o  t h i s ,  a n  average  f i b e r  d iameter  of  7 . 1 ~ 1 0 ' ~  mm 
(2.8 x 10-2 i n . )  was determined (average  of 26 random o b s e r v a t i o n s ) .  
The t e n s i l e  tests were conducted i n  a m i c r o - t e n s i l e  t e s t i n g  machine, u s ing  
techniques  p r e v i o u s l y  desc r ibed .  (3) 
recorded ,  and t h e  s t r e n g t h  and modulus computed from t h e  average  a r e a .  
Only f o r  specimen #l was t h e  a c t u a l  f i b e r  a r e a  measured a f t e r  f r a c t u r e .  
The breaking  load and ex tens ion  were 
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The d a t a  a r e  shown i n  Table  B1. 
t h e  manufac tu re r ' s  s p e c i f i c a t i o n  were obta ined .  
specimen # 3 ,  had a lower than  ave rage  modulus. This i s  a t t r i b u t e d  t o  a 
l a r g e r  than  average  carbon f i b e r .  Good agreement was a l s o  ob ta ined  be- 
tween t h e  i n d i v i d u a l  f i b e r  d i ame te r  a c t u a l l y  measured and t h e  assumed 
va lues .  For t h e  measuring technique  used, see Reference 3 .  
A s  can be seen ,  e x c e l l e n t  agreement wi th  
The on ly  excep t ion ,  
The technique  used t o  de te rmine  t h e  i n t e r f a c i a l  shea r  s t r e n g t h  involved  t h e  
use  of d i r e c t  p u l l - o u t  tests.  
I f  t h e  f i b e r  i s  imbedded i n  t h e  aluminum a s  shown i n  F igu re  B2A, t h e  f i b e r  
w i l l  break. 
be reached when the f i b e r  w i l l  p u l l  o u t .  A f u r t h e r  dec rease  i n  imbedded 
l e n g t h  w i l l  cause  a f u r t h e r  r educ t ion  i n  t h e  load necessa ry  t o  p u l l  t h e  
f i b e r  away from t h e  aluminum. Th i s  i n t e r f a c i a l  shea r  stress can be approxi -  
mately computed by equa t ing  t h e  f o r c e  i n  t h e  f i b e r  t o  t h e  r e s i s t a n c e  i n  t h e  
aluminum by s h e a r .  I f  t h e  load i n  t h e  f i b e r  i s  I?, t hen  f o r  p u l l - o u t  t o  
occur  we have: 
The p r i n c i p l e  i s  i l l u s t r a t e d  i n  F igu re  B2. 
A s  t h e  d i s t a n c e , d ,  becomes s h o r t e r ,  a v a l u e  w i l l  e v e n t u a l l y  
The load P i s  more conven ien t ly  expressed  i n  terms of t h e  f i b e r  stress 
4 7  
Or( 0 - ' 7  
Equation (5) s t a t e s  t h a t  a p l o t  of C v s .  / s h o u l d  y i e l d  a s t r a i g h t  l i n e  
of s l o p e 9  , assuming t h e  shea r  s t r e n g t h , y ,  i s  a cons t an t .  
The shea r  s t r e n g t h ,  however, i s  no t  a c o n s t a n t ,  a s  may be seen from ex- 
amining F igu re  B2. 
s t r e n g t h ,  u s e f u l  f o r  o r d e r  of magnitude measurements, bu t  no t  t o  be con- 
s t r u e d  a s  an  a c c u r a t e  f i g u r e .  
The q u a n t i t y  a c t u a l l y  determined i s  an  "average" shea r  
The carbon f i b e r s  were i n d i v i d u a l l y  mounted on a r ack ,  a s  shown i n  
F igu re  B3. They were glued t o  t h e  r ack  us ing  a s i l v e r  base  p a i n t  t o  a l -  
low c u r r e n t  flow. One-half of t h e  f i b e r  l e n g t h s  were e l e c t r o p l a t e d  wi th  
abou t  0.085 mm (.003 i n . )  t h i c k  aluminum. I n d i v i d u a l  t es t  specimens were 
then  p repa red ,  formed by c u t t i n g - o f f  t h e  aluminum p o r t i o n  t o  t h e  d e s i r e d  
length .  The specimen was then  meunted i n  t h e  m i c r o - t e n s i l e  t e s t i n g  machine, 
a s  shown i n  F igu re  B4. 
t h e  cement (d ipheny lca rbaz ide )  come i n t o  c o n t a c t  w i th  t h e  f i b e r  where i t  
was embedded i n t o  t h e  aluminum. 
c o n t a c t  nea r  t h e  aluminum was r e j e c t e d .  A photograph showing a p a r t i c u l a r  
specimen g lued  o n t o  a n  a n v i l  be fo re  i n s e r t i o n  i n t o  t h e  t e s t i n g  machine 
i s  shown i n  F igu re  B5. 
Considerable  c a r e  was e x e r c i s e d  t o  avo id  having 
Any specimen showing s i g n s  of cement - f iber  
~~ 
(3) R.L. Mehan, E. Fe ingo ld ,  J .  M a t e r i a l s ,  2, 239 (1967). 
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The results obtained are shown in Figure B6. The slope of the initial 
line, from equation (51, is given by: 
3 Using the average value of d of 7.1~10 
of T i s  found to be 
mm (2.8~10'~ in.), the value 
= 10.4 MN/m (1510 psi) (6) 
It should be remembered this is an average value because of the non- 
linear variation of "7" with respect to the interface length. 
Using the value of 7" given by equation (61, the critical length, 
may be calculated from equation (1) 
, 
If the fiber length used to fabricate the electroformed composites is 
greater than 0.91 mm (0.033 inch), fiber reinforcement will occur 
(provided, of course, sufficient fibers are present to exceed the criti- 
cal volume fraction necessary for reinforcement, previously found to be 
of the order of 1.5%).(4) 
experimental aluminum-graphite composites were considerably longer than 
this, it may be concluded that the bond strength between the-carbon 
fiber and the electroplated aluminum is not a limiting problem for 
obtaining composite reinforcement at room temperature. 
Because the fiber lengths used for fabricating 
( 4 )  R.L. Mehan, PIR 2410-343, October 2, 1968. 
46. 
Specimen 
1* 
2** 
3** 
4** 
5** 
4*.* 
7** 
TABLE B . l  MODULUS AND STRENGTH OF TESTED CARBON FIBERS 
Gage Length 
h n )  
5.65 
8.96 
11.37 
9.59 
6.74 
7.57 
5.75 
E l a s t i c  Modulus 
GN /mL psi 
371 53. 8x106 
417 60.4~10' 
300 43. 4x106 
366 53 .0x106 
367 53.2x106 
403 58. 4x106 
- -  - -  
Avg . 
Ultimate  S t r e s s  
GN/m2 k s i  -
3.22 466 
2.89 416 
2.36 342 
2.01 291 
2.18 316 
2.18 316 
2.18 316 
2.43 352 
*Area measured - 3 . 7 7 ~ 1 0 " ~  mm2 (5.85~10'~ in2) 
**Area measured - 4.19~10'~ mm2 (6.5~10'~ i n 2 )  
*** Area probably too l a r g e  
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Figure B1. Photomicrograph of Courtauld Type B Carbon Fibers 
Magnification - 1100 X 
48. 
SHEAR STRESS -
A-FIBER FAILURE 
STRESS 
8- FIBER PULL-OUT - 
FIG. 02 ;- SCHEMATIC REPRESENTATION OF 
~ ~ T E R F A C I A ~  SMEAR STRESSES 
49. 
Figure  B 3 .  Photograph of rack  wi th  f i b e r s  glued i n  p l a c e .  
Magni f i ca t ion  2X 
50. 

Figure  B5.  Photograph of  t e n s i l e  machine a n v i l  wi th  alwninum- 
carbon f i b e r  specimen glued i n  p lace .  Mag. 42 X 
52. 
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